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ABSTRACT 
Effect of organically modified layered double hydroxide and 
thyme oil loading on the performance of Poly(lactic acid) 
/Poly[(butylene succinate)-co-adipate] biodegradable polymer 
blends for cosmetics packaging applications 
Poly(lactic acid) (PLA) is a well known biodegradable polymer that can be applied 
for short term packaging in food and cosmetics. However, PLA is brittle, which 
significantly limit its industrial packaging applications. Blending PLA and other 
polymers serve as one of the alternative techniques to improve the toughness of 
PLA. Blends preparations can be done by melt-compounding using the extrusion 
technique, which is popular for industrial applications. Blending PLA with equally 
bio-friendly polymers is preferred to avoid tampering with the degradation rate of 
PLA. In this study, poly[(butylene succinate) co-adipate] (PBSA) has been 
investigated as a secondary polymer to improve the flexibility of PLA. Extrusion 
grades of PLA and PBSA were melt-blended using a twin screw extruder to 
prepare the PLA/PBSA blends. 
The weight content of PBSA in the blends was kept at the range of 10-30 wt.% 
PBSA. The test specimens were made using the compression moulding 
technique. Fourier-transform infrared spectroscopy (FTIR) was used to study the 
chemical interaction between PLA and PBSA in the composition of the blends. The 
scanning electron microscopy (SEM) was used to study the blends phase 
morphology. Thermal properties were studied using the differential scanning 
calorimetry (DSC) and thermogravimetric analyser (TGA). Lastly, mechanical 
properties were investigated using the tensile tests, impact strength tests, and 
 viii 
dynamic mechanical analysis (DMA). The FTIR spectra in the fingerprint region 
showed overlapping characteristics of PLA and PBSA in the blends with increasing 
PBSA weight content. SEM confirmed the distinct phases suggested by FTIR. The 
morphologies, as seen on the SEM micrographs, showed a continuous phase and 
a dispersed phase. Furthermore, it was observed from SEM micrographs that the 
average diameter of the dispersed phase increased with PBSA weight content. 
The thermal stability decreased with increasing PBSA weight content at 50 % 
degradation temperature (T50) and maximum degradation temperature (Tmax). DSC 
analysis showed that the cold crystallization temperature (Tcc) of PLA in the blends 
occurred at a relatively lower temperature; however, the total crystallization (Xm) 
decreased with increasing PBSA weight content. A significant improvement of the 
elongation at break (EB) and impact resilience was observed at 20 wt.% PBSA. 
Both the tensile tests and dynamic mechanical analysis showed the loss of 
modulus of the blends with increasing PBSA weight content. 
The addition of nanoclays into polymer matrices has the potential to improve 
barrier properties due to the platelets structure constituting the inorganic clays. 
When the clay platelets are mostly exfoliated and adequately aligned within the 
matrix, an improvement in the barrier is seen in most cases. In this study, 
PLA/clay, PBSA/clay, and PLA/PBSA/clay nanocomposites were prepared by 
incorporating stearic acid modified layered double hydroxide, the nanoclay 
(SaLDH). The nanocomposites were processed using a twin screw extruder, and 
the test specimens were prepared using compression moulding. The effects of 
clay concentration on the resulting morphology, thermo-mechanical, and 
permeability properties of PLA/PBSA/clay nanocomposites (optimised) were 
 ix 
evaluated. In the B/XSaLDH nanocomposites, where B is 80PLA/20PBSA blend 
(the blend with 80 wt.% PLA and 20 wt.% PBSA), and X is the concentration of 
SaLDH, TEM showed that the clay platelets were mostly dispersed within and at 
the interphase of PLA and PBSA phases. SEM showed a more homogeneous 
morphology of the nanocomposite at 0.5 wt.% loading of SaLDH (B/0.5%SaLDH). 
The B/0.5%SaLDH nanocomposite, showed improved thermal stability, 
mechanical properties, and permeability performance against oxygen gaseous 
molecules. The results suggest that in the nanocomposites matrices made from 
blends incorporated with nanoclays, many factors contribute to obtaining high 
barrier properties. In the present study, for instance, the viscosity difference of the 
two polymers greatly influenced the localization of the nanoclays platelets within 
the polymers matrices and therefore the morphologies of the nanocomposites. 
Novel active packaging based on B/XSaLDH/YTO bionanocomposites 
incorporated with thyme oil (TO) (where Y represents the concentration of thyme 
oil) were developed using the extrusion method. The kinetic release rate of the TO 
into the headspace, antimicrobial properties, mechanical properties, and oxygen 
transmission rate of the active bionanocomposites were studied. o-Cymene and 
thymol were identified as the primary active compounds in the bionanocomposites 
incorporated with TO. The addition of the TO significantly altered the mechanical 
properties. The tensile modulus and strength reduced while the elongation at 
break increased. However, the nanocomposites with thyme oil did not show 
significant antimicrobial activity against the tested microorganisms (bacteria, 
Escherichia Coli (E. Coli), Staphylococcus aureus (S. aureus) and fungus 
Aspergillus niger (A. niger) which are pertinent in cosmetic products.  
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CHAPTER 1  
INTRODUCTION 
 
This chapter focuses on the benefits of packaging systems and different sources 
of packaging systems available. It further looks at the advantages and 
disadvantages of the use of plastics by the packaging industry and compares 
statics from Plastics SA and Plastics Europe. 
1 Background and motivation 
1.1 Importance of packaging  
The packaging is so much more than a wrapper for merchandise. The technology 
of packaging involves containing, protecting, and maintaining the product in good 
condition for storage, supply, trading, and use. As goods are imported and 
exported globally, supplied from bigger businesses to small local companies, 
proper packaging of the product is of essential. Packages protect the products 
physically from mechanical shock, breakage, and they serve as a barrier for dirt, 
contamination, light, and pathogens. Moreover, packages block unwanted 
gaseous molecules such as oxygen thus preventing possible spoilage of the 
product. Packaging materials keep the goods secured, safe, and clean for 
immediate use and even for future use. They are also utilised as an information 
sharing tool between the manufacturer and the consumer. The package displays 
useful information to quickly identify the product, listing the ingredients and 
benefits of the product, expiry dates, and wastes disposal information. It also used 
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for promotions where potential buyers are encouraged to buy and be rewarded for 
their continued support. Packages are convenient for product preparation and 
portion control for each use (Kovačević et al., 2018; Kumar et al., 2017). 
1.2 Types of packaging materials  
There are three different forms of packaging systems available, namely primary, 
secondary, and tertiary packaging. A primary package is a packaging that is in 
direct contact with the contents; examples are bottles, jars, cans and tubes. 
Primary packaging is standard for food and cosmetic products. The secondary 
package encloses not only the product but also a primary packaging. Examples of 
secondary packaging are plastic bags, cardboard boxes, and plastic crates. The 
tertiary packaging is the outside package of secondary packaging, and consumers 
hardly see this type of packaging. It is mainly applicable for transportation of goods 
in bulk and warehouse storages. 
All these types of packaging materials discussed above can be made from various 
materials such as metals, paper, and boards, glass. Below is a brief description of 
each material used for packaging preparation. 
1.2.1 Metals 
Metal packaging is mainly used as primary packaging; examples are canned foods 
and fizzy drinks. Metals used include aluminum, tin-plated steel, and stainless 
steel. Metals make good packaging with good strength; they are less likely to 
break and are highly impermeable to liquids and gases. Metal packaging waste 
can be easily separated by a magnet and is reported to be 100 % recyclable while 
maintaining excellent mechanical properties. Metals can withstand high 
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temperatures used in sterilizations, which is essential for preservation. However, 
metal packaging consumes a voluminous amount of raw materials and has high 
costs due to the required energy for production. Metal packages are not user-
friendly due to sharp edges after opening that may result in cuts and injuries to 
consumers (Page, 2012; Valenti-Jordan, 2016). 
1.2.2 Paper and cardboard 
Paper and cardboard are a product of fibres obtained from sustainable resources 
such as small trees and crushed wood. Packages made from paper and cardboard 
are lightweight and can be easily printed on. They mainly provide packaging for 
goods that need handling and transportation. Paper can be used as a flexible 
wrapper for bottles and cardboards can be used as secondary packaging such as 
boxes with a primary wrapping bubble foam. However, their applications are 
disadvantaged due to weak mechanical strength and little water resistance 
(Raheem, 2016). 
1.2.3 Glass 
The glass is a highly brittle, non-crystalline material developed by heat treatment 
from its primary constituents such as sand, soda, and limestone. The applications 
of glass include high-end products such as perfumes due to its transparency, lack 
of permeability to gas molecules, corrosion resistance, and non-flammability 
(Balzarotti et al., 2015). However, the glass’s high transparency also limits its use 
regarding light sensitive goods. Glass materials are also heavier, more 
comfortable, and likely to break (Franco & Falqué, 2016).  
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1.2.4 Plastics 
Recently, a relatively more significant number of primary packaging materials are 
made from plastics. Plastics are popular due to their exciting and remarkable 
characteristics applicable in a broad and expanding range of packaging products. 
Plastics are stable in harsh environmental conditions, comfortable to process and 
produce, relatively cheaper, lightweight, durable, stronger, and have high water 
resistance (Youssef & El-Saye, 2018). Due to these great features, they are used 
in large quantities to package different types of foods, beverages, medicinal drug, 
and cosmetics. Plastics are macro-molecules scientifically known as polymers, 
and these polymers are composed of simple molecules made of many repeating 
units called monomers (Marsh, 2016). According to Plastics Europe, the use of 
plastic materials continued to grow annually by 4 %, and the world consumed 322 
million tonnes of plastics in 2015 (Plastics Europe, 2016). The statistics highlight 
the popularity of plastic-based products in many different sectors worldwide. 
According to a report by Plastics SA, South Africa consumes 1.5 million tonnes of 
plastic every year (Plastics South Africa, 2015). Table1.1 shows various sectors in 
South Africa and Europe where plastic materials are applicable and the 
percentage of plastics consumed in each sector annually. From Table 1.1, it is 
clear that a large portion of the plastics is used by the packaging industry where 
SA uses 53 % and Europe 40 %.  
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Table 1. 1: A report from Plastics SA and Plastics Europe showing the sectors that 
use plastic materials and the percentage of plastics consumed in that sector 
annually (Plastics South Africa, 2015; Plastics Europe 2016) 
Sector South Africa1 Europe2 
Packaging 53% 40% 
Building and construction 13% 20% 
Agriculture 9% 3% 
Electrical and electronics 6% 6% 
Automotive 4% 9% 
Other 15% 22% 
1Plastics SA, 2015 
2Plastics EU, 2016 
According to Plastics SA, out of the total plastics produced 29.7 % was used for 
rigid and 23.3 % for flexible packaging manufacturing (Plastics South Africa, 
2015). The latter has no rigid structure but conforms to the structure of the product 
it encloses. Examples of flexible packaging include films, pouche, and bags. The 
rigid type of packaging can be in the form of bottles and closures for high-end 
value products such as in food and cosmetics. 
Low density and higher density poly(ethylene) (LDPE and HDPE), poly(ethylene 
terephthalate) (PET) and poly(propylene) (PP) are the commonly used polymers 
or plastics for packaging production (Dong et al., 2018; Maeda et al., 2015; 
Zandera et al., 2019). They are popular due to good mechanical properties, high 
barrier performance to water, water vapour, and other gaseous molecules, shatter-
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resistance and chemically inertness (Youssef & El-Saye, 2018). High-end acrylic 
plastic is also used due to its resemblance to glass such as transparency; 
however, not likely to break when compared to glass materials. All the above-
discussed polymers are obtained from non-renewable resources, which are 
depleting and the polymers are non-biodegradable. In conclusion, these plastics 
are not suitable to be applied for temporarily use. Mainly, the problem arises when 
a plastic package manufactured from these polymers lose their usefulness after 
their intended use.  
Municipalities collect plastic waste from households and the industry and process 
it through for waste management practices. Plastics SA, reported that 
approximately 21 % of plastic waste is currently recycled in the country (Plastics 
South Africa, 2016). The remainder of the post-consumer waste is landfilled due to 
contamination, as recycling of contaminated waste is expensive than the 
production of virgin polymer. The uncollected rubbish ends up as litter, causing 
excessive environmental pollution. 
Excessive accumulation of bulk plastic materials on the environment is disastrous 
to humanity, wildlife, and aquatic organisms. The non-biodegradable plastic litter 
also remains a challenge to wastewater treatment plants and pollution of 
groundwater and surface water. Continuous production of non-biodegradable 
plastics results in a severe repercussion of environmental pollution, which raises 
social and economic concerns. Therefore, the replacement of synthetic non-
biodegradable polymers is of high priority in the packaging industry. The use of 
naturally sourced biodegradable plastics for packaging is growing at a faster pace 
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as part of industry efforts to increase sustainability and reduce the carbon footprint 
(van den Oever et al., 2017). 
1.3 Problem statement 
The cosmetics industry is one of the sectors that heavily use plastic materials for 
packaging. The continued use of traditional plastics such as PET, PE, and PP in 
packaging has contributed to enormous environmental pollution because the 
plastics take many years to degrade. On the other hand, their production depends 
on non-renewable resources, which are currently in high demand and scarce. 
Recently, it was proposed that biodegradable plastics should be used as an 
alternative for short term cosmetics packaging applications. The idea was 
welcomed as a sustainable and innovative direction to take, and since then, many 
studies have been undertaken to broaden the scope of biodegradable plastics. 
Amongst the many studied bio-plastics, poly(lactic acid) PLA is one of the suitable 
candidates for packaging applications. However, the short-term use of PLA-based 
packaging materials for high-end cosmetic products is not yet been fully explored. 
Concerning the use of PLA for short-term packaging applications of high-end 
products, there are two main limitations: (1) low impact resilience and (2) poor 
barrier performance. There are many strategies studied to improve the impact 
resistance of PLA. It was found that blending PLA with other biodegradable 
polymers that are more flexible such as poly[(butylene succinate)-co-adipate] 
(PBSA) can significantly improve the flexibility of PLA without affecting its 
degradation rate. However, such blends are thermodynamically immiscible, 
leading to inferior properties. With regards to poor barrier performance, oxygen 
remains one of the primary sources of cosmetic product contamination resulting in 
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the oxidation, formation of free radicals, altering of the composition and quality of 
the product and causing the colour change of the products, thereby decreasing its 
shelf life. The incorporation of organically modified nanoclays such as 
montmorillonite and layered double hydroxides (LDH) into the polymer matrix has 
received a lot of attention as a possible way to improve compatibilization between 
the blend components while improving the barrier properties of PLA, as PLA is 
known to have poor barrier properties for oxygen gas. Currently, there are no 
reports on the mechanical and barrier performance of the PLA/PBSA based matrix 
reinforced with organically surface-modified LDH for packaging applications. 
The majority of cosmetics are oil-in-water emulsions, which can be easily 
contaminated by microbial growth. Contaminated cosmetics can be harmful to 
consumers. As a result, manufacturers add preservatives to cosmetic products to 
prevent microbial contamination. However, most of the chemicals used are the 
root cause of contact allergy. All these factors have stimulated the search for 
alternative less or nontoxic chemicals to be incorporated in the polymer packaging 
materials. The package should have antimicrobial properties to maintain the 
quality and improve the shelf life of the cosmetic product. In this study, it is 
proposed that synthetic preservatives be replaced with natural oils containing 
antimicrobial characteristics. TO has been reported to include active agents rich in 
phenolic compounds such as thymol amongst others which are responsible for the 
inhibition of some pathogens.  
There is recent technological advancement in packaging that has led to the 
introduction and development of active packaging systems that maintain or 
prolong the shelf life of cosmetic products using natural extracts containing active 
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agents against microorganisms. However, the use of TO in PLA/PBSA/SaLDH to 
develop biodegradable active packaging to increase the barrier and to reduce 
microbial contamination in cosmetics preparations remains unexplored.  
In summary, the problems identified in cosmetic packaging are (1) replacement of 
petroleum-based materials by biodegradable polymers, (2) overcoming the 
brittleness and the processing difficulties, (3) overcoming the inferior barrier 
properties of the material, and (4) to impart functionality- antimicrobial properties 
within the matrix to improve the shelf life of the cosmetics formulation.  
1.4 Hypothesis 
Development of stearate modified-LDH and antimicrobial essential oils containing 
PLA/PBSA blend composites with high barrier and antimicrobial performance for 
cosmetics packaging application. 
1.5 Objectives  
This study aims to develop biodegradable PLA-based rigid packaging material with 
improved mechanical properties, barrier performance, and incorporated 
antimicrobial function for cosmetics packaging application.  
Below are the listed specific objectives  
(1) To study the use of PBSA as a plasticiser for PLA and obtain an optimum 
composition of the blended mixture; 
(2) To investigate the dispersion of stearic acid modified layered double 
hydroxides (SaLDH) in the PLA/PBSA-based polymer matrix and study how it 
affects the barrier properties of the polymer blends; 
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(3) To investigate the antimicrobial properties of PLA-based nanocomposite 
incorporated with thyme oil (TO); and  
(4) To investigate the application possibilities of the developed materials in 
cosmetic packaging.  
1.6 Scope of the project 
The project seeks to widen the applicability of PLA based biodegradable 
packaging materials for high-end personal care products. The prepared packaging 
materials with the incorporated nanoclay filler and essential oil will be studied by 
testing the oxygen transmission rate and antimicrobial activity. The additives 
investigated in this study can contribute to identifying the preferences and 
limitations for high barrier properties and antimicrobial PLA-based packaging 
materials. Hence, the study can be most useful and helpful towards the elucidation 
of a possible mechanism for a high barrier and antimicrobial polymer packaging. 
The research has the potential for large-scale commercial applications for 
environmental benign packaging in the cosmetics industry.  
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CHAPTER 2  
LITERATURE REVIEW 
This chapter contains a brief review of biodegradable polymers which can be used 
as packaging materials. Following that is a more detailed discussion on polylactic 
acid (PLA) as the desired candidate, focusing on its advantages and 
disadvantages as a possible substituent for short term rigid packaging containers 
for cosmetics applications. After that, the identified problems, hypothesis, 
objectives, and the scope of the work are also discussed. 
2.1 Biodegradable polymers  
2.1.1 Biodegradation  
Biodegradable plastics are polymer materials that can be easily decomposed in 
the presence of microorganisms (an example is the polymer PLA). The 
biodegradation process occurs in biological systems, and it involves the 
disintegration of the polymers into lower molecular weight compounds. This 
process is referred to as biodeterioration (Banerjee et al., 2014). The 
biodegradation process occurs through oxidation reactions by the relevant 
microorganisms. Microorganisms, such as the bacteria, fungi, and algae, are 
responsible for the chemical degradation process of the polymers. It can also 
occur through hydrolysis reactions in the presence of enzymes. The chemical 
degradation mechanism basically begins by the attachment of the living 
microorganisms onto the surface of the plastic substrate followed by the 
inhabitation of the exposed surface area and eventually the breaking down of the 
substrate into its more straight forward and smaller compounds, and the enzymatic 
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degradation reaction is hydrolytic and catalyzed (Tokiwa et al., 2009). The 
biodegradation process also consists of biodeframentation and assimilation (Lucas 
et al., 2008; Banerjee et al., 2014). Biodefragmentation is step that occurs when 
the polymer has a high molecular weight. The process occurs by the scission of 
bonds to produce a smaller molecular weight of the polymer. The assimilation 
process is crucial in the biodegradation process. The defragmentation of polymers 
precedes the assimilation step. By electron transfer from the atomic level of the 
polymer monomers to microorganism’s cell, assimilation provides an environment 
for the growth and reproduction of the microorganisms. 
The biodegradation process can take place in two ways equation (2.1) aerobic and 
(2.2) anaerobic degradation as given in the reaction equations 1 and 2. 
Aerobic degradation: 
Polymer + O2     CO2 + H2O + Biomass + Residue(s)                  (2.1) 
Anaerobic degradation: 
Polymer   CO2 + CH4 + H2O + Biomass + Residue(s)         (2.2) 
The former refers to the kind of degradation that takes place in the presence of 
oxygen, and the latter happens in the absence of oxygen. Carbon dioxide is the 
major product in aerobic biodegradation, and methane is produced during the 
anaerobic degradation process (Tokiwa et al., 2009). In general, biodegradation 
focus on the biological activity leading to depolymerisation. However, there are 
abiotic factors that play a significant role in the degradation process. For example, 
biodegradation can be assisted mechanical by tension; some organic materials 
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are light sensitive, and polymers can undergo degradation when exposed to heat 
(Lucas et al., 2008).  
2.1.2 Advantages of biodegradable plastics 
Petroleum-based polymer packaging materials are being replaced by 
biodegradable polymers currently. Even in the cosmetics industry, to increase 
sustainability and to reduce the carbon footprint, the development of 
biodegradable packaging containers is slowly emerging (van den Oever et al., 
2017). This area of research provides the opportunity for humans to be 
independent of the fast-depleting non-biodegradable fossil fuels for plastic material 
manufacturing and the application of environmentally benign plastic materials. 
Plastic materials that significantly reduce plastic waste generated by plastic 
materials used for short term applications.  
Also, the continuous application of biodegradable polymers can significantly 
minimise the burden on the availability of landfill sites for waste disposal practices. 
Furthermore, and very vital; it will mitigate non-biodegradable plastic littering, 
which remains a problem for many decades. The production and application of 
biodegradable plastic packaging can serve as a complementary method for 
recycling with regards to environmental sustainability. Biodegradable plastic 
materials can decompose in a shorter period when compared to conventional 
plastics, and the by-products are non-toxic (Tokiwa et al., 2009). In agriculture and 
horticulture, composting of degradable plastics is an advantageous waste 
management method. During composting the polymer can be easily degraded 
under accelerated conditions of temperature, humidity, and pressure (Kolstad et 
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al., 2012). Composting is a critical factor in farming and agricultural activities; the 
nutrient-rich compost can serve as a vital supplement for the gardening soil. The 
collected and composted biodegradable plastic waste can replace the chemical 
fertilisers used in agriculture. 
2.1.3 Application of biodegradable plastics 
Across the globe, there is a significant interest in the research & development of 
biodegradable plastic materials, and the market of biodegradable plastics is rapidly 
increasing around the world. Biodegradable plastics include cellulose polymers, 
starch, polyesters, and a number of the synthetic polymers obtainable from natural 
resources (Vroman & Tighzert, 2009). Currently, some biodegradable plastic 
materials are used for food packaging and agricultural purposes. Many 
biodegradable plastics are still investigated to modify and broaden the properties 
and application possibilities. For example, hydrophilic starch has been used in 
accelerating the degradation rate of some non-degradable polyolefins (Chandra & 
Rustgi, 1997). The starch is used as a filler, and it is physically blended to the 
synthetic polymer to enhance the biodegradability of the final products. Nakamura 
et al., (2005) studied starch-filled low-density poly(ethylene) (LDPE) films, and in 
the study, it was observed that the starch/LDPE films became porous after one 
month in a degradation study. The parts of the film containing starch had been 
invaded and consumed while the amorphous region of the LDPE underwent 
oxidation (Nakamura et al., 2005). In another study, maleated LDPE blended with 
varying ratios of starch (0-60 wt.% starch) indicated a higher degradation rate with 
increasing amounts of the starch content (Chandra & Rustgi, 1997). 
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Biodegradable plastics have numerous commercial applications due to their eco-
friendly characteristics. Biodegradable plastics are becoming popular for single-
use disposable bags, cups, plates, and compostable packaging (Muller et al., 
2017). They can be used in agriculture and horticulture for products like mulches, 
seeding strips, and tapes (Ekebafe et al., 2011; Râpă et al., 2011). PLA and its 
copolymers like Poly(lactic-co-glycolic acid) (PLGA), Poly(caprolactone) (PCL) and 
poly(glycolic acid) (PGA) are used as biomaterials in medicine for many 
applications such as drug delivery systems, encapsulation, resorbable sutures, 
ophthalmic implants, fracture fixation, dental materials and tissue engineering (Oh, 
2011). Depending on their life expectancy and mechanical properties, some 
polymers are studied for use in the electronic and automotive industry. For 
example, Penco and co-workers developed biodegradable PLA/PC 
(polycarbonate) copolymers for automotive applications (Penco et al., 2011). The 
key factors driving the use of biodegradable plastics include increased 
environmental awareness, consumer preference for safe and natural products and 
strict government policies towards the implementation of green technology. Green 
technology refers to the innovation and practice of new technologies that reverse 
and/or mitigate environmental effects. Its fuel efficient encourages less pollutants 
production, and the aim is environmental sustainability.  
2.1.4 Classes of biodegradable polymers 
Bio-plastics is a common name used for polymers that have the element of 
sustainability and eco-friendly characteristics. It covers polymers that are 
obtainable from fossil material and are biodegradable, e.g. PCL, polymers derived 
from renewable materials but are non-biodegradable, e.g. PET and polymers that 
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are manufactured from renewable and non-renewable materials and are 
biodegradable, e.g., PLA (Tokiwa et al., 2009). The plastics that are bio-derived 
and biodegradable have become more appealing to various industries. The 
biodegradable polymers can be divided based on their origin (Avérous & Pollet, 
2012).  
From the flow diagram given in Figure 2.1, two main categories emerge. The first 
group include biodegradable polymers obtainable from natural (renewable) 
resources for example; polysaccharides, proteins and polyesters such as PLA, 
PGA and poly(hydroxyalkanoates) (PHA) and the second group includes 
biodegradable polymers obtainable from fossils (non-renewable) resources such 
as PCL, poly(vinyl alcohol) (PVA) and poly(butylene succinate) (PBS) 
(Ghanbarzadeh & Almasi, 2013). The former class of polymers has attracted the 
most considerable interest because they are derived from natural resources and 
undergo complete biodegradation with time (Ghanbarzadeh & Almasi, 2013; Weng 
et al., 2013; Lv et al., 2018). PLA is one of the most extensively used 
biodegradable polyesters with no or little environmental impact when it comes to 
green and sustainable plastic products developments (Avérous & Pollet, 2012; 
Pawar & Purwar, 2013). 
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Figure 2. 1: Classification of biodegradable polymers based on their origin 
(Vroman & Tighzert, 2009). 
2.2 Poly(lactic acid) (PLA) 
2.2.1 Synthesis of PLA 
PLA is a linear aliphatic thermoplastic polyester derived from the polymerisation of 
lactic acid or the cyclic dimer lactide monomers (Inkinen et al., 2011). The lactic 
acid can be obtained from microbial fermentation of renewable resources like corn, 
sugarcane, and agricultural wastes (Murariu & Dubois, 2016). PLA is commonly 
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synthesised from the direct polycondensation of lactic acids or the ring-opening 
polymerisation (ROP) of the lactide monomer (Laonuad et al., 2010; Lee & Hong, 
2014). It was in the mid-1800s when Théophile-Jules Pelouze first synthesised 
PLA by polycondensation and later in 1932 Catothers and colleagues explored the 
development of PLA from the lactide cyclic-dimer (Carothers et al., 1932; 
Jamshidian et al., 2010). The direct polycondensation and ROP reactions 
schemes are given in figure 1 below. 
(1)  
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Figure 2. 2: Synthesis of PLA using (1) Direct polycondensation and (2) Ring-
opening polymerisation (Lee & Hong, 2014). 
Direct polycondensation of the lactic acid is divided into two subcategories, 
namely; solution polycondensation and melt polycondensation (Dutkiewicz et al., 
2003; Lee & Hong, 2014). The former method requires the use of a solvent, and 
water is generated as a by-product. A PLA with an average molecular weight 
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(MW) of ~250000 g/mol can be achieved with continuous water removal. The 
disadvantages of this method include the need of large quantities of solvent, the 
occurrence of side reactions such as trans-esterification, the presence of solvent 
impurities and need for continuous water withdrawal to achieve high MW PLA 
(Marques, 2010). The melt polycondensation is a single-step process which is very 
sensitive because it demands precise control of the temperature, reaction time and 
pressure, as these factors can significantly affect the final molecular weight and 
can facilitate the degradation of PLA over time. However, with this method, high 
MW PLA can be produced in a shorter time (Lee & Hong, 2014).  
ROP of cyclic lactide dimers serves as the main route and is popular for the 
industrial production of PLA with high molecular weight. This method, through 
trans-esterification involving backbiting of the monomers. ROP requires pure 
lactide monomer and a catalyst, and the reaction takes place under vacuum or 
inert atmospheres. There are many novel metal catalysts used, and some still 
under research, but tin octanoate is mostly used (Inkinen, Hakkarainen, & 
Albertsson, 2011). Cargil Inc, in Minneapolis, produces a range of polymers 
including PLA on a larger scale for commercial applications using ROP. In their 
process, the intermediate cyclic dimers are purified by a distillation process (Lunt, 
1998).  
2.2.2 The structure and properties of PLA 
2-hydroxypropanoic acid, commonly known as lactic acid is an organic acid 
produced from non-toxic, renewable feedstock such as sugars and corn starch, 
and it is used as a monomer in the making of PLA. The acid occurs naturally as a 
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chiral molecule existing as two enantiomers L- and D-lactic acid and can be 
converted by condensation to a cyclic dimer L- and D-lactide as shown in Figure 
2.3; (Corneillie & Smet, 2015). The fermentation process favours the production of 
L-lactic acid isomer over the D-lactic acid while by chemical synthesis, an equal 
racemic mixture is obtained (Murariu & Dubois, 2016). Isotactic and syndiotactic 
homopolymers PLLA and PDLA are obtainable from pure L-lactic acid and D-lactic 
acid, respectively ((Tsuji, 2005). PLDLA is obtained from polymerization ofa 
racemic mixture of the L and D-lactides components, and it exists in the atactic 
configuration, Figure 2.4 shows the tacticity of PLA (Ovitt & Coates, 2002).  
 
Figure 2. 3: Stereoisomers of Lactic acid and Lactide monomers (Corneillie & 
Smet, 2015) (Murariu & Dubois, 2016) 
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Figure 2. 4: Tacticity of PLA polymer 
PLA appears to be colourless and glossy at room temperature. It is insoluble in 
water and alcohols but is soluble in common solvents including chloroform, 
dioxane, acetonitrile, methylene chloride, 1,1,2-trichloroethane, dichloroacetic 
acid, etc. Due to the unique configuration of L-LA and D-LA, PLA stereoisomers 
have different properties. PLLA and PDLA are semi-crystalline with up to 40 % 
crystallinity, and PLDLA is amorphous (Auras, Harte, and Selke, 2004). 
Crystallinity indicates the amount of the crystalline region with respect to 
amorphous content. The degree of crystallinity of polymers has a considerable 
influence on PLA properties including the thermal properties (such as melting 
temperature (Tm), glass transition temperature (Tg)), mechanical properties and 
gas permeability. 
The melting of semi-crystalline PLLA and PDLA occurs at a temperature range of 
145-180 ̊C depending on the grade. The melting temperature decreases with a 
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decrease in the degree of crystallinity which is controlled by the stereo 
enantiomers of the monomers. However, the equimolar stereocomplex crystalline 
structure of PLLA and PDLA, PLDLA can have a melting point up to 230 ˚C (Auras, 
Harte and Selke, 2004). It is vital to study the melting behaviour of PLA as it plays 
a critical role towards the elucidation of the processing conditions. Although PLA is 
more brittle, its thermal processibility is more convenient in comparison to other 
biopolymers such as PCL, PBS, PEG and PHA. Moreover, PLA can be processed 
using large scale techniques such as film extrusion, injection moulding and blow 
moulding (Jamshidian et al., 2010).  
Generally, semi-crystalline PLA, PLLA, and PDLA products are used below the 
(Tg) which is usually at a temperature range of 55-65 ˚C. This means at room 
temperature PLA is glassy and hard. The Tg of PLA is a crucial parameter and 
plays a massive role in identifying some of its applications. For example, PLA with 
a Tg of approximately 60 ˚C has high tensile strength and modulus. However, due 
to this high rigidity, the elongation at break and impact resilience is compromised 
(Ojijo, Cele, & Sinha Ray, 2011). Atactic PLDLA has an amorphous structure and 
no melting point. The Tg serves as the primary parameter for amorphous polymers, 
and it increases with the purity of L- and D-lactic acid in PLDLA (Farah, Anderson, 
& Lange, 2016).  
The crystallinity of PLA can be modified through by the addition of some types of 
fillers. An example was the study of PLA and epoxidized palm olein blends by 
Silverajah et al., (2012). In the study, the addition of the epoxidized palm olein on 
PLA enhanced the degree of crystallization by the improving the chain mobility of 
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PLA which resulted in a decrease in the (Tg), higher thermal stability and increased 
elongation at break. 
The stereoisomer configuration can directly influence the crystallinity of the PLA. 
As discussed above PLLA and PDLA are semi-crystalline while PLDLA is 
amorphous. A high crystallinity improves barrier performance. There are many 
gases used to study the permeability of PLA film and amongst these gases are 
water vapour and oxygen, which are typical for cosmetics applications. Gas 
molecules can diffuse through polymer chains and their permeability through PLA 
film is dependent on the solubility of the gas molecules and its diffusion coefficient 
through the film. Equation 2.3 describes gas molecules permeability through a 
polymer film. 
P = SD      (2.3) 
where P is the permeability (mol/ms.Pa), S is the solubility parameter, (J/cm3)and 
D is the diffusion coefficient (Shogren, 1997).  
Table 2 1: The water vapour transmission rate (WVTR) of amorphous and 
semicrystalline PLA at testing temperatures 6 ˚C, 25 ˚C and 49 ˚C; with a 
normalised film thickness of 25 µm (Shogren, 1997). 
 WVTR (g/m2/day) 
Testing Temperature (˚C) Semi-crystalline PLA Amorphous PLA 
6 27 54 
25 82 172 
49 333 1100 
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Shogren (1997) conducted a study of water vapour transmission rate of PLA in an 
amorphous and semi-crystalline form. Table 2.1 shows the WVTR of PLA for the 
amorphous and semi-crystalline at 6 ˚C, 25 ˚C and 49 ˚C testing temperatures; 
with a normalised film thickness of 25 µm. It was observed that the semi-crystalline 
PLA had a lower permeability of water vapour relative to the amorphous PLA at 
the measured temperatures. These results were attributed to the crystallites in 
semi-crystalline PLA, significantly enhancing the barrier properties by acting as 
constraints and minimising the diffusion path for the gas molecules. 
The results also revealed that the transmission rate could also be influenced by 
the working temperature; as the heat affects the mobility of the polymer chains. 
With increasing working temperature, the polymer chains gain kinetic energy 
allowing rapid movement and creating free volume for the diffusion of gases 
through the film, thus increasing transmission rate.  
Table 2. 2: WVTR of PLA and commonly used synthetic polymers (Shogren, 
1997). 
Sample WVTR (g/m2/day) 
PS 6.4 
PET 1.2 
PE 0.6 
PP 0.3 
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Furthermore, Shrogen (1997) compared the WVTR of PLA (refer to table 2.1) to 
that of LDPE, PP, PS, and PET at 25 ˚C and the results are shown in Table 2:2. 
Equation 2.3 suggests that hydrophilic polymers because of their water-loving 
state will have higher WVTR than hydrophobic polymers. Polymer with polar 
functional groups are better compatible with water and will, therefore, have high 
solubility. PLA has a higher solubility for water vapour due to its hydrogen and 
ester functional groups. Table 2.2 shows that the hydrophilicity of the polymers 
including PLA decreases in the following order PLA>PS>PET>PE>PP, and 
therefore in agreement with the theoretical equation 2.3. Since the WVTR 
increases with the polarity of the functional groups, it can be assumed that the 
lower value of WVTR for PET compared to PS would be related to the higher 
degree of crystallization in PET due to lesser steric hindrance (Shogren, 1997). 
Table 2. 1: WVTR, OT, and the permeability coefficients of PLA, PET, and OPS 
(Auras, Singh, & Singh, 2005). 
Sample WVTR 
(g/m2/day) 
Permeability 
[kg/m/(m2/s/Pa)] 
OTR 
(g/m2/day) 
Permeability 
[kg/m/(m2/s/Pa)] 
Thickness 
(mm) 
OPLA 15.30 ± 0.04 1.34a ± 3.61c 56.3 ± 0.12 4.33d ± 1.00e 20 
PET 3.48 ± 0.02 2.82b ± 1.50c 9.44 ± 0.06 6.95e ± 1.90f 18 
OPS 5.18 ± 0.03 4.18b ± 2.07c 531 ± 0.67 3.91c ± 8.72e 18 
a = x 10-14, b = x10-15, c = x10-17, d = x10-18, e = x10-19, f = x10-20 
Auras et al., (2005) studied the WVTR and Water Vapour Permeability Coefficient 
(WVPC) of Oriented PLA (OPLA) at 37.8 ˚C and 100 % RH. Table 2.3 shows the 
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WVTR and WVPC for OPLA in comparison to PET and Oriented PS (OPS). The 
results showed that OPLA has a higher permeability to water vapour by one order 
of magnitude compared to PET and OPS. However, in this case, the oxygen 
permeability through OPLA was higher than that of PET but lower than that of 
OPS. 
2.2.3 Applications of PLA 
Since the 1970s, PLA has been synthesised and extensively used in the 
pharmaceutical and biomedical industry, due to its high cost. The applications 
included protein encapsulation, tissue engineering, resorbable sutures, dental 
materials, ophthalmic implants, fracture fixation, and drug delivery systems. The 
applications are due to its excellent biocompatibility and bio-absorbability 
characteristics (Ramot et al., 2016). Biocompatible materials are considered to be 
in a harmonious with living tissues or living systems, causing no harm or toxicity. 
Furthermore, the United States Food and Drug Administration (FDA) approved 
PLA as a generally recognised as safe (GRAS) material meaning that it is safe for 
direct contact with food and medications (Jamshidian et al., 2010).  
In addition to its excellent biocompatibility properties and biodegradable nature, 
PLA has excellent mechanical properties for other industrial applications such as 
in electronics and automobiles. It is therefore seen as a possible substituent for 
non-biodegradable petroleum sourced plastics products. Earlier studies and 
applications of PLA were limited to high-end packaging material including rigid 
thermoforms, high valued films, food, and beverage containers and coated papers 
due to its steep prices (Farah, Anderson & Lange, 2016). Various types of 
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packaging include single-use disposable bags, compostable packaging, for 
beverages and food are made from PLA. Recently it has been extensively studied 
in the packaging industry following the reduction in the production costs (Muller, 
González-Martínez & Chiralt, 2017). For instance, cheaper single-use disposable 
containers are manufactured in the packaging industry using PLA (Murariu & 
Dubois, 2016). Other examples of available PLA-based packages are disposable 
containers, drinking cups, sundae and salad cups, overwraps and lamination films, 
and blister packages (Muller, González-Martínez & Chiralt, 2017). AT et al., (2017) 
discussed some of the commercial packaging based on PLA and examples were 
yogurt cups manufactured by the Danish dairy company. Therefore it is anticipated 
that studies in nanotechnology that focuses on the modification and manipulation 
of the PLA structure will have a significant impact in widen the applicability of PLA 
as a packaging material in many fields including cosmetics.  
2.2.4 Life cycle of PLA 
 
 
 
 
 
 
Figure 2. 5: The life cycle of PLA 
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Figure 2.5 shows the life cycle of PLA. The cycle begins with the production of 
renewable biomass such as corn through the photosynthesis process. During 
photosynthesis, the carbon dioxide is recycled thereby minimising carbon dioxide 
overload in the atmosphere. Through biochemical, enzymatic hydrolysis, the corn 
is converted to starch and glucose. PLA monomers are obtained from the non-
toxic, renewable feedstock through the fermentation process, which significantly 
limits the exploitation of non-renewable fossil fuels. PLA products can not only be 
biodegraded but can also be recycled and are compostable, and this reduces the 
need for waste disposal and management by the municipalities. A study reported 
that the production of PLA requires 25-55 % less energy than conventional plastics 
(Murariu & Dubois, 2016). Studies of the PLA life cycles reveal that the wide and 
expanding application of PLA not only lessens the adverse environmental impact 
due to synthetic polymers but also creates a sustainable positive impact. As a 
result, the use of PLA is well in line with consumer demand concerning the 
development of more environmentally sustainable materials. Based on its 
economic feasibility, its use has several advantages satisfactory to the 
manufacturer, consumer, and environment.  
2.2.5 Limitations of PLA 
There are many limitations with regards to the utilisation of PLA in a wide variety of 
applications. With that being said, the limitations of PLA in packaging applications 
relevant to this study are discussed here. The first and biggest limitation is its high 
cost. However, due to the growing interest of plastic products that are 
environmentally benign; PLA can be applied in many fields; therefore, increasing 
its applications and production will subsequently reduce the cost. Plastic 
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packaging applications can largely increase its production volume, and Murariu & 
Dubois (2016) projected its growth in production to about 800 kt/year (kt - metric 
kilo tonnes). The second limitation is its brittleness (Qiu, Song, & Zhao, 2016). In 
packaging, brittleness is not desirable because it means the package can easily 
crack or break on impact. Therefore, PLA’s low elongation at break and impact 
resilience is a huge challenge. Thirdly, PLA has a higher permeability to oxygen 
and water vapour gaseous molecules when compared to synthetic polymers such 
as PS and PET (Shogren, 1997; Auras, Singh, & Singh, 2005). This is undesirable 
for high-end organic products that are sensitive to oxygen and excess water 
molecule, which may result in detrimental effects.  
2.2.6 Modification strategies of PLA for packaging applications 
As mentioned above, the application of PLA plastics for packaging has some 
limitations. However, there are proposed strategies to control and enhance the 
chemical and physical properties of the biopolymers depending on the application. 
The control of PLA stereochemistry, co-polymerization, plasticization, and blending 
with other polymers are some of the popular strategies employed to enhance 
distressed PLA properties. To get the desired PLA properties and long-term 
stability, it is required to stabilise the morphology through suitable compatibilization 
techniques such as clay addition and essential oil, which also adds other functions 
to widen the applicability of PLA. The control of PLA stereochemistry, co-
polymerization, and plasticization as PLA modification strategies are discussed 
briefly below.  
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2.2.6.1 Controlling PLA stereochemistry 
As discussed in section 2.2.2, PLA exists as stereoisomers. By alteration of the 
composition and arrangement of the isomers, the properties of PLA can be 
controlled. For example, isotactic and syndiotactic PLAs are semi-crystalline due 
to ordered stereochemical configurations and atactic PDLLA is amorphous due to 
the random configurations. Such variation of the isomers can lead to the 
modification of PLA properties such as polymer density, tensile modulus, tensile 
strength, elongation at break (EB), Tg, Tm and the degree of crystallization (Farah, 
Anderson, & Lange, 2016). Semi-crystalline PLA has higher tensile strength, 
modulus, thermal stability, barrier performance amongst other properties. 
However, crystallinity is one of the main factors that affect the biodegradation of 
polymers; higher crystallinity of PLA slows down the biodegradation rate (Zhou et 
al., 2010) and therefore based on the specific application, the properties of PLA 
can be adjusted using its stereochemistry.  
2.2.6.2 Co-polymerization 
A polymer may have desirable properties for a specific application; however lack 
other essential properties for the application. In this case, copolymerization can be 
useful. Copolymerization is an alternative technique for the production of polymers 
with properties otherwise unachievable from a homopolymer. Copolymerization 
refers to a polymerization process of two or more different monomers units, and 
the resulting product is known as a copolymer. Depending on the sequence 
arrangement of the monomer units, copolymers can be classified, and the 
common ones are random, alternating and block copolymers, and within these 
groups, copolymers may be in a linear or branched configuration. Desirable 
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properties may be achieved by controlling the pattern of the monomer units, 
composition, and configuration of the molecular structure. Copolymers of PLA can 
be obtained by polycondensation of lactic acid or ROP of lactide with other 
monomers of interests. The carboxylic acid and a hydroxyl group on the lactic acid 
enable the copolymerisation with other monomers (Hu et al., 2016). 
Copolymerisation of different stereoisomers of lactic acid or lactide can also be 
achieved to improve the impact resilience of PLA. Bigg (2005) produced poly(L-co-
L/D) lactide and found it to have improved tensile strength and elongation at break 
at 80/20 composition. Dechy-Cabaret et al., (2004) studied the controlled ring-
opening polymerisation of lactide and glycolide. A copolymer of lactic acid and 
glycolic acid, polylactic-co-glycolic acid synthesised for use in medicine for 
targeted drug release has also been reported, and it is FDA approved for the 
application (Nampoothiri, Nair, & John, 2010; Makadia & Siegel, 2011). 
However, it is worth noting that controlling stereochemistry and co-polymerization 
are bottom-up approaches; therefore, they can be done only during the 
manufacturing of PLA. Thus, if the properties of PLA need to be changed during 
downstream processing, other methods have to be used, and these methods are 
discussed below. 
2.2.6.3 Plasticization  
A plasticiser is a substance or additive added to polymer resin to improving 
ductility and lessen brittleness. PLA is rigid at room temperature (RT) and to avoid 
cracking or breakage, sometimes plasticisers are added to PLA to decrease Tg, Tm 
and crystallization temperature (Tc) to desirable values (Farah, Anderson, & 
Lange, 2016). The plasticiser promotes the creation of soft PLA film through the 
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reduction of Tg, Tm, and crystallization rate. They increase the free volume of 
polymer chains, thereby improving chain mobility at room temperature. Low and 
high molecular weight plasticisers have been studied based on different 
applications. Some of the low molecular weight plasticizers that can be used for 
PLA includes glycerol, citrates esters, glyceryl triacetate, and tributyl citrate, 
glucose monoesters, partial fatty acids ester (Lemmouchi et al., 2009; Jacobsen & 
Fritz, 1999). The most significant disadvantage with low molecular weight 
plasticisers is migration due to their high mobility (Farah, Anderson, & Lange, 
2016). Polyethylene glycol (PEG) and polypropylene glycol (PPG) are examples of 
high molecular weight plasticizers for PLA; the added advantage is that they are 
miscible with PLA (Jacobsen & Fritz, 1999; Kulinski et al., 2006). Depending on 
the application, plasticisers must be chosen wisely. For use in medicine, food, and 
cosmetics, non-toxic, biocompatible and biodegradable plastics are desired. It is 
desirable that the plasticiser has high volatility for harsh processing conditions. 
Moreover, careful attention must be paid on the quantity of the plasticiser as high 
quantities (>30 %) may result in the occuring of phase separation (Hu et al., 2003). 
The problems with the plasticization method are that the tensile strength and 
modulus can be reduced significantly. Als, there is a migration of the low molecular 
weight plasticiser especially into food packaging, which may be detrimental to 
consumers. 
2.2.6.4 Blending 
Polymer blending involves the mixing of two or more polymers with the aim of 
producing new material with unique properties (Ojijo, Sinha Ray, & Sadiku, 2012). 
It is an economical and technical preparation route for new materials with 
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enhanced properties. This technique of mixing different polymers is an effective 
and relatively cheaper route to develop novel materials for many commercial 
applications. Polymer blending is often applied when the raw materials are of poor 
quality or relatively expensive. The technique can be employed to reduce 
production costs by blending costly polymers such as PLA with cheaper polymers. 
Moreover, polymer blending serves as a more affordable method to develop high 
performing sustainable polymeric materials when compared to the bottom-up 
synthesis of these materials. Usually, the available methods for the preparation of 
polymer blends are via solution casting or processing techniques such as 
extrusion. Melt compounding using an extruder for commercial applications is 
popular due to high volume production, no solvent requirement, efficient melting, 
high shear energy, and good mixing (Kracalik et al., 2009). 
As mentioned previously, for packaging applications, pristine PLA has high tensile 
strength and modulus relative to the conventional plastic, PET. However, it is brittl, 
resulting in a low elongation at break and impact strength (Murariu & Dubois, 
2016). Unfortunately, these shortcomings significantly limit its commercial 
applications. Physical blending through hot melt mixing with other more flexible 
polymers is a popular and efficient route for broadening its commercial 
applications mainly in packaging. The blending of hard and brittle materials like 
PLA with flexible polymers has been reported to improve the elongation at break 
and impact strength (Farah, Anderson, & Lange, 2016). PCL, poly(butylene 
adipate-co-terephthalate) (PBAT) and poly(butylene succinate) (PBS) are some of 
the bio-based polymers blended with PLA to enhance its mechanical properties 
(Navarro-Baena et al., 2016; Nofar et al., 2016; Bhatia et al., 2007). 
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Poly(butylene succinate-co-adipate) (PBSA) is an aliphatic polyester obtained from 
the polycondensation of 1, 4-butanediol in the presence of succinic and adipic 
acids (Avérous & Pollet, 2012). Unlike PLA, PBSA has a relatively high elongation 
at break; hence the exceptional impact strength due to its ductility (Nofar et al., 
2016). Thus, to extend the applicability of PLA by improving its impact resilience, it 
can be physically blended with the softer polymer, PBSA. PBSA has relatively 
higher thermal stability and chemical resistance; however it is more likely to 
biodegrade faster owing to its lower Tg and Tm (Bureepukdee, Suttiruengwong, & 
Seadan, 2015). The chemical structure of PBSA is given in figure 2.6 below. 
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Figure 2. 6: PBSA chemical structure (Avérous & Pollet, 2012) 
Studies on the physical blending of PLA and PBSA have been reported. Lee & 
Lee, (2005) and Privsa-Art et al., (2015) prepared the PLA/PBSA blends using a 
twin screw extruder. Ojijo et al., (2012) used the Haake Polylab OS Rheomixer to 
prepare the PLA/PBSA blends. In all the studies, it was reported that the physical 
mixture of PLA and PBSA forms immiscible polymer blends due to unfavourable 
thermodynamics of mixing including solubility parameters, processing 
temperatures and different blend compositions (Ojijo, Sinha Ray, & Sadiku, 2012). 
It was also observed that the morphology of the blends consisted of a continuous 
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and dispersed phase (drop-like). In the blends where PBSA was in a low volume 
fraction to PLA, PBSA existed as a dispersed phase in a continuous phase of PLA. 
The studies showed that the diameter of the droplets PBSA phase increased with 
increasing content of PBSA. The SEM micrographs indicated a sea-island like 
morphology of the blends. Good miscibility is an essential factor since it influences 
the final performance of the blend as it was later found that the blends that showed 
phase-separated structures then displayed more inferior mechanical properties.  
With regards to the mechanical properties, Lee & Lee (2005) demonstrated a 
slight improvement of the elongation at the break with an increasing content 
PBSA, but the increase was still below the line of mixing, and much better 
improvement of impact resistance was seen at 10-20 wt.% loading of PBSA. 
Likewise, Ojijo et al., (2012) realised a slight increase in the elongation at break 
with an increase in the content of PBSA but then above 30 % PBSA the elongation 
at break significantly reduced. The high elongation at break of the PLA/PBSA 
blend with 30 %PBSA was attributed to a more homogeneous surface area 
available for a maximum interfacial interaction. For this reason and the minimum 
loss of tensile strength and modulus, the blend of PLA/PBSA with 30 wt.% PBSA 
was chosen as the best (Ojijo, Sinha Ray, & Sadiku, 2012). In the same manner, 
in their analysis Pivsa-Art et al., (2015) observed an improvement in the elongation 
at break and impact resilience up to 20 wt.% loading PBSA, which again was 
reduced with higher PBSA content. In the study, they argued that at lower PBSA 
content a more homogenous dispersion was observed hence better mixing 
attained. All the studies found a decreasing trend in the tensile strength and 
modulus with increasing PBSA content. This result was expected due to PBSA 
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having lower tensile strength and modulus relative to PLA. However, it was 
reported that up to 30 wt.% loading PBSA contained in blends had a significant 
improvement on the overall mechanical properties (Lee & Lee, 2005; Ojijo, Sinha 
Ray, & Sadiku, 2012; Pivsa-Art et al., 2015). 
2.2.6.5 Clay Biocomposites 
The blending technique can be used as a possible modification strategy for PLA. 
However, it was reported that immiscible blends, such as in the case of PLA and 
PBSA blends, with very little interfacial interaction between the two phases, can 
form. Some level of miscibility can be achieved at specific compositions under 
optimised processing conditions. Therefore, the role of additional compatibilisers 
to improve interfacial interaction becomes crucial in such cases. Traditionally, 
macromolecules chain extenders such as triphenyl phosphite are used as 
compatibilisers for immiscible blends. Nowadays, nanofillers such as carbon 
nanotubes, metal, and clays nanoparticles can be used to stabilise and to add 
other functions to immiscible blends (Stefanescu, Daranga, & Stefanescu, 2009). 
Additives including nanofillers can increase the interfacial adhesion of polymer 
blends, prevent coalescence of individual polymer droplets in polymer blends, 
reduce the polymer droplet sizes and stabilise the system more effectively while 
adding other functions such as barrier properties (Ojijo, Sinha Ray, & Sadiku, 
2013). 
Nanotechnology forms part of modern technologies, and it focuses on the 
preparation, manipulation, and characterization of materials with one of its 
dimensions in the nanoscale range (100 nm or below) (Nikalje, 2015). In the nano-
size range, materials display unique and remarkable property improvements when 
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compared to the macro-sized materials. The enhanced properties are attributed to 
a larger surface area and the availability of surface atoms that increase activity, 
selectivit, and efficiency of the materials. Moreover, nanomaterials are lighter, 
stronger, and precise (Kargozara & Mozafarib, 2018). As a result, nanomaterials 
are popular and applied in many field, including bio-medical, energy, electronics, 
agro-food, and in the development of many advanced materials (de Francisco & 
García-Estepa, 2018). The nanofillers recently focused on are less expensive to 
minimise the overall production costs, and the commonly used nanofillers are 
carbon nanotubes, metal oxides, metal nanoparticle, layered silicates, and layered 
hydroxides nanoparticles amongst others (Stefanescu, Daranga, & Stefanescu, 
2009).  
The incorporation of a nanofiller into a polymer matrix results in the formation of a 
nanocomposite. However, the combination of biobased and/or biodegradable 
polymers and inorganic nanofillers with advanced properties are known as bio-
nanocomosites in general. These composites hold the promise for innovative and 
sustainable product development for the future. The inorganic fillers have their 
unique characteristics imparted on the biopolymer matrix and it has been 
extensively demonstrated that the addition of nanofillers not only compatibilises 
the morphology of immiscible blends but also significantly improves the 
mechanical and barrier properties of polymer matrix (Rhima, Park, & Ha, 2013; 
Ojijo, Sinha Ray, & Sadiku, 2013). On the other hand, very importantly, the 
biopolymers preserve their biodegradability characteristics (Bikiaris, 2013) as well. 
As a result, there’s a growing interest around this technology due to its eco-friendly 
characteristics. However, before the preparation of the bionanocomposites, it is 
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essential to understand the interaction between a polymer matrix and the 
nanofillers.  
Amongst the various nanofillers used to prepare nanocomposites, clays minerals 
are of great interest due to their abundance in nature and low costs. There are two 
classes of clays, cationic and anionic. The cationic clays are made of allimuno-
silicates and have high cationic exchange capacity; a good and favourite example 
in the nanotechnology field is montmorillonite (MMT). Common anionic clays are 
layered double hydroxides (LDH), which have a high anionic exchange capacity 
(Venugopal & Rajamathi, 2011). MMT and LDH have many beneficial features 
such as versatility, facile functionalization, and high aspect ratios (Chena et al., 
2018).  
Most cationic clays can be easily sourced in nature while the anionic clays, such 
as LDH can be readily synthesised with high purity, which is one of its advantages. 
There are many methods available for the synthesis of LDH. The methods of LDH 
synthesis include hydrothermal treatment, sol-gel, and co-precipitation to mention 
a few (Muramatsu, Saber, & Tagaya, 2007).  
LDHs have a crystallographic chemical structure similar to that of brucite. Brucite 
has a basic chemical structure that forms octahedron stacked sheets of 
magnesium hydroxide, Mg(OH)2 and the LDHs have infinite octahedron sheets 
comprising of a metal ion coordinated to six hydroxyl groups (Focke et al., 2010).  
LDHs have a general chemical formula of  
[Mll1-xMlllx (OH2)]x+(An-).yH2O         
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Where  
Mll denotes di-valent metal ions such as Mg2+, Zn2+, Mn2+ 
Mlll represent tri-valent metal ions such as Al3+, Fe3+, Cr3+ 
An- represents the anions occupying the interlayer region e.g. NO3-, CO32-, Cl- 
(Newman & Jones, 1998). 
And x is the fractional aluminum substitution in the layers and is calculated from 
equation 2 below (Mosangi et al., 2016), 
X = M(III)/M(II)+M(III)     (2.4) 
For LDH in its natural form, the x varies from 0.20 to 0.36 (Moyo, Nhlapo, & Focke, 
2008).  
However, unlike the brucite structure, some of the divalent metal ions are replaced 
with trivalent metal ions in the LDH structure. Due to the excess positive charge 
from the metals ions, LDH layers carry a net positive charge, which is 
counterbalanced by negative ions found in interlayer galleries (Newman & Jones, 
1998). The anion molecules are held together by electrostatic interactions and 
hydrogen bonding (Focke et al., 2010). Figure 2.7 is a schematic presentation of 
the structure of LDH. 
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Figure 2. 7: A typical chemical structure of LDH 
LDH clay minerals are versatile and can be easily tailored to design or synthesize 
a product with desired properties. As a result, LDH and its derivatives have a wide 
range of industrial applications. To mention a few, it is used in catalysis as catalyst 
support (Xu et al., 2011), as an adsorbent in water purification (Hibino, 2015) and 
it is also applied in the pharmaceutical and cosmetics fields (Sinha Ray, Mosangi, 
& Pillai, 2018). The main reasons for the use of LDH clay minerals are their large 
surface area and high anion exchange capacity. Their low toxicities and 
biocompatibility are properties also considered especially for biomedical purposes. 
Other applications include LDH composites preparation for plastic packaging. LDH 
incorporated nanocomposites have been shown to have improved tensile 
properties, barrier performance, thermal stability, amongst other properties (Moyo 
et al., 2017). 
When LDH is incorporated in polymer matrices, phase separation tends to occur 
due to the structural and characteristic difference between the hydrophilic clays 
and the hydrophobic polymer matrix. This consequently leads to the agglomeration 
of clay particles. The lack of proper dispersion of clay platelets on the polymer 
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matrix significantly affects the mechanical and barrier performance of the end 
product. Since the LDH is hydrophilic, to be used in a hydrophobic polymer matrix, 
its modification must be done to achieve some level of compatibility during 
composites preparation (Singla, Mehta, & Upadhyay, 2012). Thus, to minimise the 
surface tension between the polymer and clay particles, organophilisation of the 
LDH before polymer reinforcement is key (Rapacz-Kmita et al., 2016). LDHs have 
high anion exchange capacity; hence, a variety of organic anions can be 
accommodated in the interlayer subsequently maximising its compatibility. 
Similarly, it's surface positive charge can also be manipulated to modify the 
surface organically. Ionic surfactants are unique types of molecules used to 
organically functionalize the clays to maximise compatibility with polymers 
(Schramm, Stasiukb, & Marangoni, 2003). Examples of common ionic surfactants 
that can be used for LDH modification include carboxylic acids, alkysulphates, and 
phospanates (Moyo, Nhlapo, & Focke, 2008). 
Generally, there are two forms of interaction between the LDH and the surfactants. 
The interaction can be by surface adsorption (Wang et al., 2012) or it can be 
through intercalation (Focke et al., 2010). The former involves the adhesion of the 
surfactants on the solid LDH, and the latter happens by the exchange of the ionic 
species from the interlayer galleries of the LDH with the surfactants molecules 
(Moyo, Nhlapo, & Focke, 2008). The type and concentration of counterion can 
influence the extent of adsorption, the steric hindrance of the molecule, 
temperature, and also the pH of the medium (Goswamee et al., 1998). Adsorption 
onto the LDH usually occurs when the carbonate ions are present in the interlayer 
galleries, and this is due to their difficulty in removing as divalent anions. The XRD 
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diffraction of LDH with the adsorption type modification is similar to an unmodified 
LDH such that the crystalline peaks remain unchanged (Anbarasan, Lee, & Im, 
2005). This observation means merely the carbonate ions were not exchanged 
with the surfactants. FTIR can confirm LDH adsorption surface modification, XRD 
and TGA analysis (Sepehr et al., 2017; Wang et al., 2012). 
On the other hand, organic modification by intercalation of the inorganic clay takes 
place via the ion exchange method. In this particular method, the pristine ions 
occupying the gallery spaces of the clay platelets are exchanged with alkyl groups 
with a polar head. The organic moieties exchanged with increases the LDH 
interaction with polymer chains leading to better filler dispersion in the matrix. 
Another intercalation benefit involves the enlargement of the interlayer distance (d-
spacing) which is essential for extensive clay platelets delamination. High d-
spacing is favoured by a high ion exchange capacity of clays and longer alkyl 
chains (Moyo et al., 2017). 
The methods, i.e., polymer solution intercalation, in situ polymerisation, melt 
intercalation method, chosen for the preparation of polymer-clay composite 
significantly affects how the clay platelets are distributed in the polymer matrix 
(Ojijo & Sinha Ray, 2013; Reddy et al., 2013). There are four morphological 
arrangements of polymer-clay composites based on layered silicates that can be 
achieved. The type of morphology attained is characterized based on the degree 
of interaction between clay plates and polymer matrix and therefore, the extent of 
separation of the inorganic clay platelets as shown in Figure 2.8. 
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Figure 2. 8: (a) Tactoid, (b) intercalated, and (c) exfoliated polymer–clay 
nanocomposite morphologies (Duncan, 2011). 
The tactoid structure is formed when the spacing between two platelets remains 
unchanged, which means that there is no intercalation of the polymer into the 
interlayer galleries. Such a structure is attributed to the enormous surface energy 
of the clay nanoplatelets, which causes the clay nanoparticle to agglomerate. 
Agglomeration happens mostly when the clay nanoparticles are dispersed in a 
non-ionic polymer matrix. Formation of microcomposite morphology structures 
subsequently leads to the reduction of aspect ratio and the final product has 
inferior barrier performance. Intercalated nanocomposite morphology is achieved 
when the polymer chains being intercalated into the layered platelets. The polymer 
chains intercalation is observed by the increases of the d-spacing between the 
platelets. Exfoliated nanocomposite results from the extensive intercalation of the 
polymer chains into two-dimensional silicate galleries such that the individual 
platelets are dispersed in the polymer matrix. The platelets are completely pushed 
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apart to create a disordered array. The spacing between the platelets sometimes 
even exceeds 10nm (Sinha Ray & Okamoto, 2003; Chen et al., 2008). 
Successful clay organophilisation is also a key factor towards good exfoliation of 
clay platelets in the polymer matrix. The presence of layered inorganic structures 
reduces the diffusion of gaseous molecules through the nanocomposite, and their 
high dispersion in polymer matrix are reported to lower diffusion rate and therefore 
high barrier performance and this was attributed to the impermeable crystalline 
structure of clay platelets (Chang, An, & Sur, 2003; Rhim, Hong, & Ha, 2009).  
 
Figure 2. 9: Diffusion path of water vapour and oxygen through polymer 
composites with and without clay nano-structures (Duncan, 2011). 
Figure 5.3 shows that the gaseous molecules cannot pass through the clay 
crystals but are forced to diffuse around them; as a result, the mean path length 
travelled is more extended in comparison to neat polymers. Therefore, polymer 
nanocomposite follows the tortuosity mechanism, a simplified permeability model 
proposed by Neilsens (1967). The study assumes the nano-platelets to be 
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rectangular-shaped and homogeneously dispersed on the polymer matrix (Tang et 
al., 2017). The diffusion rate is dependent on the tortuous path the gas molecule 
follows, and the tortuous path is strongly affected by the clay loading, dispersion of 
nanoparticles and the aspect ratio (shape of platelets) (Ojijo, Sinha Ray, & Sadiku, 
2014). 
There are a number of studies on PLA/LDH, and they address different properties 
based on the application of interest (Zhao et al., 2008; Mahboobeh et al., 2010) 
(Chiang & Wu, 2010; Mahboobeh et al., 2012; Bugatti et al., 2013; Román et al., 
2013; Neppalli et al., 2014; Zeng et al., 2015; Nogueira et al., 2015; Demirkaya et 
al., 2015; Oyarzabal et al., 2016; Jamal et al., 2017). Demirkaya et al., (2015) 
studied PLA/LDH nanocomposites for packaging application. The nanocomposites 
were prepared by a solution casting method, and the LDH was organically 
modified by sodium dodecyl sulphate (SDS). They observed a significant decrease 
OTR from 497 cm3/cm2.bar.day to 380 cm3/cm2.bar.day for PLA/LDH-SDS with 5 
% clay loading when compared to the neat PLA. They further studied the WVTR 
where remarkable improvement was observed (WVTR reduction from 278 
g/m2.day for neat PLA to 55 g/m2.day for PLA/SDS LDH 5 %). Another study 
focused on the effects of stearic acid modified LDH (SaMg/Al LDH and SaZn3Al 
LDH) on the flexibility and degradation, of PLA where they observed interesting 
morphology of the composite (Mahboobeh et al., 2010; Mahboobeh et al., 2012). A 
solution casting method was used to prepare composites. In the XRD analysis, the 
diffraction peaks of stearate-LDH were undetected and to confirm a possible 
exfoliated morphology TEM analysis was also done. On the TEM images, dark 
lines representing LDH platelets were seen with random distribution on all the 
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composites at 3, 5, 7 and 10 wt.% of LDH loading. Nepalli et al., (2014) obtained 
similar results on a study of PLA after the addition of two cationic clays Dellite HPS 
(derived from a naturally occurring especially purified montmorillonite) and Dellite 
43B (montmorillonite modified with a quaternary ammonium salt, i.e. dimethyl 
hydrogenated tallow ammonium) and an LDH clay in natural form, LDH with 
stearate modification and palmitate modification. In this study, they did not detect 
diffraction peaks on WAXD; however, on the TEM images, delaminated clay 
platelets were seen. 
However, a study on the effect of organically modified LDH on properties of 
PLA/PBSA blend system is not reported to the best of our knowledge. 
2.2.6.6 Antimicrobial bionanocomposites 
Plastic materials are applicable almost everywhere, and packaging remains one of 
the main applications of polymers. Recently, there has been technological 
advancement in packaging that has led to the introduction and development of 
active packaging systems that release or absorb actives, thus interacting with the 
packaged goods and continuously prolonging the shelf life.  
Antimicrobial packaging is an active packaging system that has chemical 
components that enable it to kill or inhibit the growth of pathogenic 
microorganisms that may cause the spoilage of perishables. The packaging is 
incorporated with antimicrobial agents that migrate in a controlled manner into the 
packaging headspace by a polymeric mass transfer property most polymers have 
(refer Fig. 2.10). Antimicrobial packaging aims to extend the shelf life of the 
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product while maintaining the quality of the packed product, which includes food, 
pharmaceuticals, and other perishables (Appendinia & Hotchkissb, 2002). 
 
Figure 2. 10: Typical active packaging scheme 
For decades, to fight against many diseases, natural substances with antimicrobial 
properties have been identified and used. The antimicrobial agents work by 
stopping or preventing the growth of pathogenic microorganisms (Muñoz-Bonilla & 
Fernandez-Garcia, 2012). The makeup of the antimicrobial packaging can come in 
a variety of forms. The pristine polymer may contain the antimicrobial agents or 
the antimicrobial may be added directly into a polymer by coating or through a 
reaction or thermal treatment. Another form is when sachets containing 
antimicrobial agents are added into the package (Appendinia & Hotchkissb, 2002)  
Chitin and chitosan are great examples of polymers with inherent antimicrobial 
characteristics (Rinaudo, 2006). Packages containing various antimicrobial 
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additives are standard and currently commercially available, and examples of such 
packaging available in the market are shown in Table 2.4 (Appendinia & 
Hotchkissb, 2002). Examples of polymers with antimicrobials incorporated in the 
form of a coat are natamycin coated chitosan edible films for the storability of 
Saloio cheese, chitosan and methylcellulose containing natamycin, nisin 
methylcellulose coatings for polyethylene films and nisin zein coatings for poultry, 
(Fajardo et al., 2010; Santonicola et al., 2017; Appendinia & Hotchkissb, 2002; 
Food Safety Consortium Newsletter, 2000). Often the antimicrobials are added 
into the polymer in the form of a coat, due to high processing temperatures. Metal 
particles in the nano-range are well known for their antimicrobial characteristics. 
There are some products currently in the market containing Ag substituted 
zeolites, manufactured by Aglon Technologies LLC for bulk food storage 
containers (Appendinia & Hotchkissb, 2002).  
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Table 2. 2: Commercial food packaging materials with antimicrobial activity 
(Appendinia & Hotchkissb, 2002; Sung et al., 2013). 
Active compound Matrix Application Trade name 
Silver substituted 
Zeolite 
LLDPE, PE, PVE, 
rubber 
Film, Wrap, milk 
containers, paperboard 
cartons 
AgIon®, ZeomicTM, 
CleanaidTM, Novaron® 
Chlorine dioxide Polyolefin  Film, sachet Micro-GardeTM, 
MicrosphereTM  
Ethanol Silicon dioxide  Sachet  EthicapTM 
Sulfur dioxide Laminated plastic 
sheet with Na2S2O5 
Sheet or pad for 
postharvest storage of 
grapefruits  
UvasyTM 
Triclosan  Polymer, rubber Food container Microban® 
Wasabi extract  Encapsulation in 
cyclodextrin  
Coated PET film, tablet  WasapowerTM 
 
On the other hand, a considerable amount of research is based on natural extracts 
such as essential oils (EOs), due to consumer demand for safe and quality 
innovation with low environmental impact, for antimicrobial benefits in packaging 
systems. EOs are volatile complex compounds, some with a strong odour, 
naturally available and obtainable from plants parts such as flowers, seeds, 
leaves, herbs, etc. (Bajpai, Baek, & Kang, 2012). Most of the oils have 
characteristic and pleasant aromas. Thus are used in the cosmetics industry for 
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products like perfumes, soaps, body creams, and also household cleaning and 
pharmaceutical products (Burt, 2004). EOs are also well known for their 
antimicrobial characteristics, promoting good health and preventing diseases in 
the food, cosmetics, and pharmaceutical industry (Gueuter, 1948). 
EOs may contain some chemical constituents with the antimicrobial function (Burt, 
2004). The functional groups such as alcohols, phenols, ketones, terpenes, and 
many others are the chemical constituents of the essential oils in control of the 
antimicrobial activity (Gueuter, 1948). The components together may provide a 
synergistic effect, and in some cases, one part may be more active on its own 
(Sellamuthu, Sivakumar, & Soundy, 2013; Gyawali & Ibrahim, 2014).  
The mechanism for microbial inhibition by EOs is not properly understood. 
However, there is a general understanding that the active agents from the EOs 
invade the cytoplasm of the pathogens, leading to the death of cells. It is reported 
that the microbial inhibition occurs by the active components ability to permeate 
and disturb the cytoplasmic membrane of the pathogens. The invasion is therefore 
followed by the disruption of proton motive force (PMF), electron flow, active 
transport and coagulation of cell contents, inhibiting of protein synthesis (Burt, 
2004; Seydim & Sarikus, 2006; Ramos et al., 2012). EOs are hydrophobic, which 
allows partitioning of the bacterial cells and make it easier to permeate the 
membrane. Other conditions that enhance the antimicrobial activity of EOs include 
low pH, low temperature, and low oxygen levels (Burt, 2004). 
A wide range of EOs such as oregano, garlic, rosemary, thyme, lemongrass, 
peppermint, citronella, and cinnamon have been studied for their antimicrobial 
effect against a wide range of food pathogens, and such studies are discussed in 
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the following examples. Seydim & Sarikus (2006) evaluated edible protein films 
incorporated with oregano, garlic, and rosemary with a concentration ranging from 
1 to 4%, and the films were prepared to fight against the following food pathogens 
Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), Salmonella 
enteritidis (S. enteritidis), Listeria monocytogenes (L. monocytogenes) and 
Lactobacillus Plantarum (L. plantarum). The study showed that oregano was most 
effective against all the pathogens tested however with a minimum inhibition at 2% 
concentration, on the other hand, garlic oil had a minimum restraint at 3% 
concentration while rosemary showed zero restraint for the all pathogens at all the 
concentrations tested. In another study, garlic incorporated LDPE films were 
prepared using film blown extrusion. The percentage of garlic in the samples was 
varied between 2-8 %, and the samples were tested for their inhibition effect on L. 
monocytogenes, E. coli and Brochothrix thermosphacta (B. thermosphacta) (Sung 
et al., 2014). Sellamuthu et al., (2013) used a disc volatilisation method to 
investigate the antifungal activity of thyme, peppermint, and citronella against 
avocado postharvest fungi (anthracnose, L. theobramae, etc.). The study showed 
that thyme at 5µL/plate had a fungicidal effect on all the five pathogens. Lemon, 
thyme and cinnamon EOs were incorporated into chitosan-based films, and the 
antimicrobial property was tested against gram-negative E.coli, and gram-positive 
S. Aureus and the thyme showed the greatest inhibiting effect against both 
microorganisms (Pend et al., 2014). The antimicrobial properties of oregano and 
thyme oil incorporated quinoa flour films were studied against E. coli and S. 
aureus, both oils showed inhibition against the pathogens; however, the oregano 
was more effective than thyme. (Pagno et al., 2016). Antimicrobial active PP films 
were also prepared by the melt blending technique where 4, 6 and 8 % carvacrol 
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(C), and thymol (T), were added into the films. The samples were labelled as 
follows PPC4, 6, 8 %, PPT4, 6, 8 % and PPCT4, 6, 8 %. The samples were tested 
for S. aureus and E. coli inhibition. S. aureus inhibition was observed for all films 
containing 8 % oils, where PPT showed a pronounced inhibiting effect. However, 
E. coli was less affected in the presence of both C and T (Ramos et al., 2012). 
Ramos (2004) studied PLA/MMT Dellite 43B nanocomposites with added 8 % T as 
the active ingredient, and the composite showed more effectiveness against 
DPPH radicals with an inhibition of 84 ± 0.3 % and 83.5 ± 0.1 % in the presence of 
2 % and 5 % nanoclay concentration, respectively compared to neat PLA (71.1 ± 
0.2 %) (Ramos, 2014). 
Thyme oil (TO) is approved as safe (GRAS) for use by the United States (US) 
Food and Drug Administration (FDA) with daily consumption of 4.7 g/kg body 
weight (Pillai et al., 2016). TO has been reported to contain active agents rich in 
phenolic compounds such as thymol and carvacrol amongst others which are 
responsible for some pathogens inhibition (Gonçalves et al., 2017). Once the oils 
are incorporated into a polymer matrix, by migration through mass transfer 
property, the polymer will act as a delivery system for the antimicrobial agents. 
Therefore, the composites can find better utilisation due to the enhanced 
performance and eco-friendly properties. In a study, by Niu et al., (2016) it was 
shown that natural biopolymers, ovalbumin (OVA) and gum arabic (GA), 
containing TO prepared emulsions had long-term antimicrobial activity compared 
to pure TO (Niu et al., 2016). Another study focused on edible films which were 
prepared with flour Quinoa (Chenopodium quinoa W), incorporated Oregano 
(origanum vulgare L.) and thyme (thymus vulgaris L.). The edible films not only 
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showed antimicrobial activity against E. coli and S. aureus but also had improved 
mechanical and barrier properties (Pagno et al., 2016).  
The release of EO into the product may be achieved by direct contact, in the form 
of coat dipping or spaying, or by diffusion into the packaging headspace. In some 
systems, the release of the EO can be in an uncontrolled manner and other cases 
controlled. The controlled system is desirable as it prevents situations where the 
EO released may be too low or high, subsequently tampering with the quality and 
safety of the contents. Thus a controlled system such as a polymer matrix is of 
interest as it allows for slow and continuous release over the required period. 
Mastromatteo et al., (2010) described the swelling induced release process that 
begins when the EO is mixed with the polymer matrix. Most of the oils are liquids 
at room temperature. Due to the low diffusion coefficient and its hydrophobic 
characteristic, the EO is dispersed in the polymer matrix. During thermal 
processing, the EO begins to diffuse into the polymer network. Once the polymer 
matrix is cooled, the polymer network remains intact due to chemical bonds. 
However, due to the low molecular weight and volatility of EO, it can diffuse of out 
the polymer matrix and effectively interact with the microorganisms. Depending on 
the polymer network and composition, the release of the EO can be controlled in a 
specific manner. Table 2.5 shows various active agents from different sources and 
polymer matrices, where the release of antimicrobials is swelling induced 
(Mastromatteo et al., 2010). 
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Table 2. 3: Overview of studies on delivery devices for food packaging applications 
and swelling induced release mechanisms (Mastromatteo et al., 2010) 
Active agent  Matrix Natural compounds References 
Essential oils Milk protein Oregano and pimento 
essential oils 
Oussallah et al., 2004 
Chitosan Garlic oil Pranoto et al., 2005 
Whey protein Oregano, rosemary 
extracts and garlic oil 
Seydim & Sarikus 2006 
Corn zein Thymol Del Nobile et al., 2008; 
Mastromatteo et al., 2009 
LDPE/polyamide trans-cinnamaldehyde Han et al., 2008 
Organic acids Zein, 
methylcellulose, 
alginate, chitosan, k-
carrageenan, edible 
wheat 
gluten, beeswax 
Sorbic acid or its salts Choi et al., 2005; Park 2005; 
Guillard et al., 2009 
Chitosan Propionic, acetic acid Ouattara et al., 2000 
Bacteriocins Vinyl acetate-
ethylene Nisin 
a-tocopherol Ho Lee, Soon An, Cheol Lee, 
Jin Park, & Sun Lee, 2004 
Polyethylene Nisin Mauriello, De Luca, La Storia, 
Villani, & Ercolini, 2005 
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Cellulose-derivate 
Nisin 
natamycin dos Santos Pires et al., 2008 
Enzymes  PVOH Lysozyme Buonocore, Conte, Corbo, 
Sinigaglia, & Del Nobile, 2005 
Zein  Lysozyme Gϋҫbilmez, Yemenicio glu, 
& Arslano glu, 2007 
Cellulose acetate Lysozyme Gemili et al., 2009 
Some factors influence the release rate of the EO into the packaging headspace. 
The factors include the nature of EO (molecular size, volatility), nature of polymer 
(degree of cross-linking, the polarity, thickness, permeability coefficient), 
interaction of EO with polymer material (polarity), , the preparation method, the 
goods composition (pH, water activity) and environmental factors (storage 
temperature and humidity) (Buonocore et al., 2004; Kuorwel et al., 2013). For 
example, in a study by Kuorwel et al., (2013), the release rate of EO actives 
(carvacrol, thyme, and linalool) was observed to increase with increasing 
temperature due to high kinetic energy. 
The development of eco-friendly antimicrobial packaging systems for personal 
care products at present is an emerging and exciting field. Many cosmetics 
products contain high levels of water (mostly oil-in-water emulsions), exhibit a 
neutral pH and manufacturing and storage temperatures that are close to ambient 
conditions and such conditions encourage the growth of pathogens which lead to 
the spoilage of cosmetics products. Pathogenic microorganisms can be found 
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everywhere, and exposure to these microorganisms can cause infectious disease 
going from mild to life-threatening. The contamination of personal care products 
results from interactions with microorganisms, which could potentially lead to 
detrimental effects to the consumer.  
Oxygen remains the prime spoiler of cosmetic products as in its presence the 
growth of aerobic pathogens is enabled, and the result includes the oxidation and 
colour change of the products. Other factors include light adsorption and humidity 
as they also tend to alter the composition and quality of the product, decreases its 
shelf life, and makes it unsafe. Bacteria and fungi contaminated cosmetics can be 
harmful to consumers causing contact allergy. Pathogenic microorganisms such 
as S. aureus and Pseudomonas aeruginosa (P. aeruginosa) are frequently found 
in contaminated cosmetics and manufacturers add synthetic preservatives to the 
cosmetic products to prevent microbial contamination (Lundov et al., 2009). 
Common artificial preservatives added into the cosmetics products available in the 
market are para-hydroxy-benzoates, commonly known as parabens, 
formaldehyde, formaldehyde releasers, and 
methylchloroisothiazolinone/methylisothiazolinone (Sasseville, 2004). The 
synthetic preservatives used are under scrutiny by the Scientific Committee and 
consumer safety (SCCS), Europe, and may no longer be allowed in cosmetics due 
to their detrimental health effects to consumers. Hence an alternative green 
technology for the natural preservation of cosmetics is advocated for nowadays.  
In a study by Rastogi (2000), they found that most of the synthetic preservatives 
used are the root cause of contact allergies, especially when the amount of 
chemicals used is above the set limit. A few studies have demonstrated that 
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contact allergies are dependent on the dose of chemicals contained in the 
cosmetic product (Rastogi, 2000; Sasseville, 2004; Lundov et al., 2009). 
Therefore, it is possible that some cosmetic products are over preserved with the 
aim of increasing preservative efficiency and lengthening products shelf life. 
The Acticospack project researched natural plants extracts with antimicrobial 
properties with the aim of developing active packaging for cosmetics applications 
(https://cordis.europa.eu/project/rcn/106838/reporting/en). The research focused 
on the incorporations of plant-sourced preservatives into the polymer matrices 
instead of directly adding it into cosmetics. The study was tested on PET, PP and 
HDPE polymers and plants extract. So far, packaging for shampoos, sunscreen, 
and skin care cream was developed. A report was given after the study that the 
products were preserved and a reduction between 25-40 wt.% of preservatives 
used in cosmetics was achieved. 
All these factors have stimulated the search for alternative polymer packaging 
materials that offers oxygen and moisture barrier performance as well as 
antimicrobial properties to maintain the quality and improve the shelf life of the 
cosmetics products. Currently, innovation towards the development of active 
packaging materials is receiving considerable attention. Ideally, the active 
packaging materials should have high levels of product preservation without or 
with minimal amounts of preservatives added directly into personal care products. 
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CHAPTER 3 
Experimental Section 
 
This section describes the details of materials and experimental methodology used 
in this study. 
3.1 Materials  
Poly(lactic acid) (PLA) #7032D is a commercial extrusion grade obtained from 
Natureworks, LLC, (USA). This PLA has a d-isomer content of 4 %. Poly[(butylene 
succinate) co-adipate] (PBSA) BIONOLLE #3001 was obtained from Showa High 
Polymer (Japan). Table 3.1 shows the properties of both PLA and PBSA obtained 
from the manufactures. The table gives the molecular weight (Mw), density (ρ), 
viscosity (ƞ0), a glass transition temperature (Tg), and melting temperatures (Tm). 
The melt flow index (MFI) for PBSA was recorded as 7 g/10 min at 210 ˚C, 2.16 kg 
load. Stearic acid surface coated layered double hydroxide (SaLDH) is 
commercially available and obtained from Hearty Chem, Korea. The preservative-
free essential oil additive, thyme oil (TO) (Thymus vulgaris L.), was obtained from 
Burgess and Finch (Vital Health Foods S.A. Distributor, Kuils River, South Africa); 
Dis-Chem (Pty) Ltd. Randburg, South Africa (specifics available from Bill et al. 
2014). 
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Table 3. 1: Properties of both PLA and PBSA obtained from the manufactures. 
Material Mw (kg/mol) Ρ (g/cm3) ƞ0 (PaS) Tg (˚C) Tm (˚C)  
PLA N/A 1.24 - 55-60 155-170 
PBSA 190 1.23 80.8 -43.8 83.1 and 94.5 
Before processing, PLA and PBSA pellets were pulverised to a powder form and 
then dried at 80 ˚C and 60 ˚C respectively, in an oven for 24 hours. 
3.2 Preparation method 
3.2.1 Blends 
The various weight ratios of the PLA/PBSA blends were prepared to be (100/0, 
90/10, 80/20, 70/30, and 0/100). The manually pre-mixed blends were then melt 
compounded using a small scale twin screw extruder with a L/D ratio of 40/1 
(Process 11, Thermo Scientific, Waltham, MA., USA). The screw speed was set at 
60 rpm. The heating zones were set at a temperature range of 100–190 ˚C. The 
extrudate was used to prepare various test specimens using a Carver laboratory 
press (Freds. Carver Part No: 973110A) operated at 190 ˚C for 10 min and then 
cooled to room temperature.  
The optimum 80PLA/20PBSA blend was chosen as the optimum blend based on 
the improved elongation at break and impact resilience, and the sample will be 
abbreviated as B going forward in the study. 
3.2.2 Bionanocomposites 
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The blend with optimum properties, B, was selected for the preparations of the 
bionanocomposites. Required quantities of SaLDH powder (0.1, 0.5 and 1.0 wt.%) 
were weighed manually and pre-mixed with dried pellets of PLA, PBSA and then 
melt-compounded using a small scale twin screw extruder. For the extrusion 
preparation of bionanocomposites, the heating zones and screw speed were set at 
a temperature range of 100-190 ˚C and the speed at 60 rpm. The extrudate was 
used to prepare various test specimens using a Carver laboratory press operated 
at 190 ˚C for 10 min and then cooled to room temperature. The samples were 
labelled as follows B/0.1%SaLDH, B/0.5%SaLDH and B/1.0%SaLDH containing 
0.1 wt.%, 0.5 wt.% and 1 wt.% SaLDH, respectively. 
3.2.3 Active bionanocomposites 
The B/0.5%SaLDH nanocomposite exhibited the best barrier performance and 
was selected for the preparations bionanocomposites. The bionanocomposites 
were prepared with 5 and 10 wt.% of TO. The measured TO was mixed with 
nanoclay powder to form a paste TO-clay mixture was added to the dried and 
pulverised PLA and PBSA, manually pre-mixed then melt-compounded using a 
laboratory scale twin screw extruder. For the extrusion preparation of 
bionanocomposites, the heating zones and screw speed were set at a temperature 
range of 100-190 ˚C and the speed at 60 rpm. The extrudate was used to prepare 
various test specimens using a Carver laboratory press operated at 190 ˚C for 10 
min and then cooled to room temperature. The B/0.5%SaLDH composite 
containing 5 and 10 wt.% TO were abbreviated as B/SaLDH/5%TO and 
B/SaLDH/10%TO, respectively. 
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3.2.4 Preparation of testing films 
To test the oxygen transmission rate, headspace study and antimicrobial study, 
films for testing were prepared by compression-moulding. The thickness of the 
tested samples was approximately 0.1 to 0.4 mm. 
Table 3. 2: Compositions ratio of the prepared composites. 
Composite PLA (wt.%) PBSA (wt.%) SaLDH (wt.%) TO (wt.%) 
PLA 100 0 0 0 
PBSA 0 100 0 0 
90PLA/10PBSA 90 10 0 0 
70PLA/30PBSA  70 30 0 0 
80PLA/20PBSA (B) 80 20 0 0 
B/0.1%SaLDH  80 20 0.1 0 
B/0.5%SaLDH 80 20 0.5 0 
B/1.0%SaLDH 80 20 1.0 0 
PLA/0.5%SaLDH 95.5 0 0.5 0 
PBSA/0.5%SaLDH 0 95.5 0.5 0 
PLA1/0.5%SaLDH1/PBSA2 
(two-step process) 
80 20 0.5 0 
B/0.5%SaLDH/5%TO 80 20 0.5 5 
B/0.5%SaLDH/10TO 80 20 0.5 10 
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3.3 Characterization techniques 
3.3.1 Rheological 
To obtain the viscosities of PLA and PBSA at the processing temperature of 190 
˚C, the frequency sweep tests were done using 1.6 mm thickness x 25 mm 
diameter parallel plates in a Physica MCR501 rheometer from Anton Paar. The 
strain was kept constant, at a predetermined value of 0.2 %. 
3.3.2 Attenuated total reflectance (ATR) Fourier transform infrared (FT-IR) 
spectroscopy 
The ATR FT-IR spectrometer (Perkin-Elmer Spectrum 100 spectrometer) 
equipped with ZnSe crystal was used to analyse the distinctive molecular 
fingerprint of PLA, PBSA, PLA/PBSA blends, and neat SaLDH. The samples were 
mounted on the ZnSe crystal, and a force gauge between 130 and 150 N was 
applied to the sample. The analysis was set at a wavelength region between 550 
and 4000 cm−1 with a resolution of 4 cm-1. 
3.3.3 Scanning electron microscopy (SEM) 
The scanning electron microscopy (SEM) (AURIGA CrossBeam®Workstation from 
Carl Zeiss, Germany) was utilised to study the surface morphology of the blends 
and clay composites. Before analysis, the samples were cryogenically-fractured 
(cryogenically-fractured meaning that cryogenic fluids such as liquid nitrogen were 
used as fracturing fluids for polymers composites) and subsequently subjected to 
coating with carbon to minimise charges. Imaging was done at an accelerating 
voltage of 3 kV. 
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3.3.4 Differential scanning calorimetry (DSC) 
The thermal phase transitions of the neat polymers, blends and clay composites 
were studied using the DSC (DSC-Q2000, TA Instruments, USA). The mass of the 
samples was kept in the range of 10-12 mg. The DSC was set to operate under a 
nitrogen atmosphere at the temperature range of -65 to 190 ˚C with cooling and a 
heating rate of 10 ˚C/min for three consecutive scans. The first heating was carried 
out to remove the thermal history of the samples. The analysis was used to 
determine the glass transition temperature (Tg), crystallization temperature (Tc), 
cold crystallization temperature (Tcc), enthalpy of crystallization (ΔHc), enthalpy of 
cold crystallization (ΔHcc), melting points (Tm) and enthalpy of fusion (ΔHm). The 
results presented are the average of three sets of independent measurements. 
3.3.5 Thermogravimetric analysis (TGA) 
Thermal stability of the samples was studied using thermogravimetric analysis 
(TGA) (TG-Q500, TA Instruments, USA) techniques. The weight of the samples 
was kept at 9-10 mg, and the samples were subjected to heating from 25 ˚C to 900 
˚C at a heating rate of 10 ˚C/min under air. 
3.3.6 Dynamic mechanical analysis (DMA) 
The PerkinElmer DMA 8000 analyser was employed for the study. The instrument 
was fixed in the dual cantilever bending mode. The temperature dependence of 
the storage modulus (E′) was measured at a frequency of 1 Hz. The temperature 
range was set at −90 to +105 ˚C with a heating rate of 2 ˚C/min, and the strain 
amplitude was 0.05 %. 
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3.3.7 Tensile testing 
An Instron 5966 Tensile tester (Instron Engineering Corporation, USA) with a load 
cell of 10 kN was used to determine the tensile strength, tensile modulus and 
elongation-at-break of the neat polymers, blends and composites samples 
according to ASTM 638D standard. This study was carried out under tension mode 
at a single strain rate of 5 mm/min at room temperature. The dogbone testing 
specimens with dimensions of approximately 25 x 3.26 x 3.15 mm (L x W x T) 
were prepared by compression-moulding. The results presented are an average of 
at least five independent tests. 
3.3.8 Impact testing  
For impact testing specimens with dimensions of approximately 80 x 10 x 4 mm (L 
x W x B) according to the ISO 179 standard were prepared by compression-
moulding. Notching of the specimens on one side was done with a notch root 
radius of 0.25 mm at 2 mm depth, using CEAST Automatic Notchvis Plus (Italy). 
The notched Charpy impact strength (ISO 179) at room temperature was 
measured using a CEAST Pendulum Resil Impactor II (Italy). The drop velocity 
and hammer energies were 3.7 m/s and 7.5 J, respectively. The span between the 
supports was fixed at 40 mm. The tests were done on an average of at least six 
test specimens per sample. 
3.3.9 X-ray diffraction (XRD) 
XRD was used to study the crystallographic structure of the clay and extent of clay 
platelets delamination in the composite materials. The diffraction patterns were 
obtained with the PANanalytical X’pertPRO diffractometer (PANanalytical, the 
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Netherland, CuKα radiation; λ=0.154 nm), operating at 45 kV and 40 mA. The 
diffraction patterns were obtained at 2 θ with a scanning range of 1-45 ˚ and 
scanning speed of 3.35 ˚/min. 
3.3.10 Transmission electron microscopy (TEM) 
The transmission electron microscope, JEOL JEM 2100 HRTEM (JEOL, Tokyo, 
Japan) operating at 200 kV, equipped with a DualVision camera from Gatan was 
used to study the delamination of the clay platelets in the polymer matrix. Samples 
were prepared by ultra-microtoming (Reichert-Jung model Ultracut E) the 
specimens embedded in epoxy with a diamond knife at room temperature. 
3.3.11  Barrier property measurement 
The oxygen transmission rates (OTR) of the composites were determined 
according to the American society for testing and materials (ASTM) – D3985-02 
using by MOCON OX-TRAN® 2/21 MH instrument. The testing temperature was 
maintained at 23 ˚C, and the samples were conditioned for 12 hours prior testing. 
The film area in both cases was 5 cm2. The tests were done in duplicate. 
3.3.12 Headspace volatiles analysis 
The volatile compounds were analysed using methods described by Tinyane et al., 
(2013) and Selahle et al., (2014) with some modifications. For sample preparation, 
B/SaLDH/5%TO and B/SaLDH/10%TO, 18 g of the film was cut into small pieces 
and placed in a 400 ml glass beaker. The beaker was then shaken manually and 
covered with aluminum foil. For analysing aroma compounds, a manual 
headspace solid-phase microextraction (SPME fibre holder containing a 
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PDMS/CAR fibre, Supelco Inc., Bellefonte, PA, USA) was exposed to the cut film 
sample for 55 min headspace at room temperature. The fibre was then inserted 
into the glass-lined splitless injector port gas chromatography (GC) for 5 min at 
200 ˚C and the volatiles were separated using a capillary column (BP5, 30 m× 
0.25 mm id., 0.25 m film thickness) (J & W Scientific, Folscom, CA, USA), using 
Helium as a carrier gas at a flow rate of 1 mL min -1. Initially, for 5 min, the column 
temperature was set at 40 ˚C. However, temperatures were later raised to 150 ˚C 
at a rate of 5 ˚C min -1, and again up to up to 280 ˚C at 10 ˚C min -1 and retained 
for 3 min. The volatile components were identified and separated using a gas 
chromatography instrument equipped in combination with an Agilent 5973 Mass 
Selective Detector (MSD) using N2 as the carrier gas at a flow rate of 5 mL min-1. 
The split/splitless injector was used (ratio 1:5) and maintained at 200 ˚C. The 
detector was retained at 250 ˚C. The GC oven was programmed from 40-190 ˚C (3 
min hold) at a rate of 5 ˚C/min, where it was maintained for 7 min. The ionisation of 
the samples was achieved at 70 eV using the scan mode. The mass range that 
was studied was 30–250 m/z. The identities of the volatiles were confirmed by 
comparing the collected mass spectra with those of the authenticated chemical 
standards and mass spectral library (National Institute of Standard and 
Technology (NIST) mass spectral library, Version 2.0). 
3.3.13 Antimicrobial studies 
The antimicrobial effectiveness of the films was determined against relevant 
microorganisms in cosmetics formulations, according to Bill et al., (2016). The 
bacterial and fungal isolates namely; Escherichia coli, E. coli, (ATCC 25922), 
Staphylococcus aureus, S. aureus, (ATCC 6538) and Aspergillus niger, A. niger, 
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(ATCC 16888) were cultured and maintained on nutrient agar (NA) (Merck, South 
Africa). Spores from each bacterial and fungal isolate were adjusted to 1 X105 
spore/mL, using 1ml of Ringer’s reagent (Sigma Aldrich) and 9ml of nutrient broth 
(NB) (Merck, South Africa). After that, 50 µl of each spore suspension was 
inoculated onto Muller Hinton Agar (MHA) plates. The different test films 
(B/SaLDH/0%TO, B/SaLDH/5%TO, and B/SaLDH/10%TO) of the same diameter 
as the Petri dishes (90 mm) were placed on the inoculated surface. Plates were 
then sealed with parafilm to avoid dehydration and stored for 7 days at 25 ˚C. At 
the end, the agar was removed aseptically from Petri dishes and placed in sterile 
test tubes with 5 mL of Ringer’s reagent and then vortexed. Serial dilutions were 
made and then poured onto MHA plates, incubated for 2 days at 37 ˚C before 
colonies were counted. All tests were run in duplicates. 
Prior to the test above. A trial study to check the antimicrobial activity of the TO 
against the chosen microorganisms was done. MH agar plates were prepared for 
the test. Thyme oil (1ml) was placed at the center of MH agar plate containing a 
suspension of the three microorganisms. They are then placed in an incubator at 
37 ˚C for 24 hours. After that, the MH agar plates were checked for zone inhibition.  
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CHAPTER 4 
Effect of Poly[(butylene succinate)-co-adipate] on the Properties 
of Poly(lactic acid)/Poly[(butylene succinate)-co-adipate] Binary 
Blends. 
 
In this chapter the results and discussions of the experimental work conducted on 
PLA/PBS blends are presented. The work focused on the preparation of PLA and 
PBSA blends using the extrusion technique, and the aim was to find the optimum 
ratios of PLA/PBSA blends which resulted in the improvement of elongation at 
break with minimal loss of other properties. The study was conducted to find the 
optimum PLA properties of the binary blends of PLA and PBSA for use as the 
basic polymer matrix. PLA has good mechanical properties for packaging such as 
high tensile strength and modulus; however, it is brittle; hence PBSA was chosen 
as a well-studied biodegradable polymer with high elongation break. 
Blends of PLA and PBSA, at 90/10, 80/20 and 70/30 ratios were prepared by the 
extrusion method. Up to 30 wt.% loading PBSA was added to PLA as many 
studies have previously observed and reported a substantial phase-separated 
morphology of the blends owing to the relatively high PBSA content and in most 
cases, the desired elongation at break amongst other properties was found at a 
weight percentage less than 30 wt.% PBSA (Lee & Lee, 2005; Ojijo, Sinha Ray, & 
Sadiku, 2012; Pivsa-Art, et al., 2015). The neat polymers and prepared blends 
were characterized using rheology, FTIR, SEM, DSC, TGA, DMA, tensile tests, 
and impact tests to study the acquired properties. Distinct phases of the PLA and 
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PBSA were suggested by FTIR analysis, whereas the SEM images revealed a 
sea-island like morphology, which confirmed the existence of phase separation in 
the blends. The added PBSA had little effect on the Tg and Tm of PLA; however, it 
did decrease the Tcc of PLA. An improvement in elongation at break and impact 
resilience was observed, which came with a minimal loss of the modulus and 
tensile strength.  
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4.1 Results and discussion  
4.1.1 Melt rheological properties 
Figure 4.1 shows the complex viscosities of neat PLA and PBSA. As can be seen 
from the graph, neat PLA has a high viscosity when compared to neat PBSA at 
190 ˚C. Similar results of complex viscosities were obtained for PLA and PBSA 
grades at 185 ˚C (Ojijo et al., 2012).  
 
 
 
 
 
 
 
 
 
Figure 4. 1: Complex viscosity vs. angular frequency for neat PLA and PBSA. 
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4.1.2 Fourier-transform infrared spectroscopy (FTIR) 
 
 
 
 
 
 
 
 
Figure 4. 2: FTIR spectra of neat PLA and PBSA and their blend compositions 
Figure 4.2 shows the FTIR spectra of neat PLA, PBSA, and blends with varying 
PLA/PBSA ratios. The molecular vibrational peaks of C-H groups were observed 
with two distinct bands arising at 2958 and 2872 cm-1. Moreover, the bands 
corresponding to asymmetric and symmetric bending vibrations of C-H both were 
found at 1450 and 1371 cm-1 for PLA and 1331 cm-1 for PBSA. Saturated aliphatic 
esters have strong absorptions bands at a higher frequency in the wavelength 
range of 1750-1735 cm-1 due to the C=O stretching vibrations. Both polymers and 
blends show the intense characteristic peaks due to the C=O groups, which can 
be seen for PLA at 1747 cm-1 and PBSA at 1714 cm-1 and PLA/PBSA blends. The 
ester carbonyl group peaks are confirmed by the presence of C-O-C stretching at 
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1182 cm-1 for PLA and 1151 cm-1 for PBSA. Bureepukdee et al. (2015) reported 
similar characteristic peaks for both polymers. In the fingerprint region (magnified 
on the right), the spectrum of the blends shows the overlapping of the distinct 
peaks arising from the molecular vibrations of PLA and PBSA and becomes more 
visible at the blend with 70 wt.% PLA and 30 wt.% PBSA (70PLA/30PBSA). This is 
attributed to the polymers forming two distinct phases due to immiscibility as 
suggested by the complex viscosity study above. Therefore, it can be assumed 
that there is no significant chemical interaction between the polymers. Similar 
observations were reported by (Ojijo, Sinha Ray, & Sadiku, 2012). 
4.1.3 Scanning electron microscopy (SEM)  
Figure 4. 3: SEM micrographs (Mag = 1.00 x K) of (a) PLA, (b) PBSA, (c) 
90PLA/10PBSA, (d) 80PLA/20PBSA, and (e) 70PLA/30PBSA 
The phase morphologies of neat PLA, PBSA, and blends are shown in Figure 4.3 
(a-e). Figure 4.3(a) and (b) reveal the phase morphologies of brittle PLA and 
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ductile PBSA, respectively. The SEM micrographs Figure 4.3(c-e) show that the 
blends are comprised of dispersed and continuous phases. In this study, PLA is 
the higher volume fraction component compared to PBSA; as a result, PBSA is 
observed as the dispersed phase, and PLA is the continuous phase. The average 
diameter of the dispersed PBSA domains was measured on the SEM micrographs 
using the image processing software, ImageJ (NIH, USA). There were found to be 
0.6867 ± 0.4097, 1.746 ± 0.7377 and 2.556 ± 0.7219 m for 90PLA/10PBSA, 
80PLA/20PBSA, and 70PLA/30PBSA, respectively. It is clear that the average 
diameter of PBSA droplet sizes increased with the increase in the concentration of 
PBSA. The larger average diameter of the dispersed phase in 70PLA/30PBSA can 
be attributed to the higher PBSA concentration leading to coalescence, which 
subsequently results in maximum phase separation. Ojijo et al., (2012) on a plot of 
number average of PBSA domains, Dp, as a function of wt.% PBSA observed that 
the Dp and its standard deviation increased with increasing PBSA weight content. 
Furthermore, they reported that the interfacial area exposed by PBSA droplets per 
unit volume of the blend was highest in blend with 30 wt.% PBSA. Same as in the 
present study, the binary blends are made up of polymers that have high interfacial 
tension and the repulsion force among the polymers causes each component to 
remain distinct from the other, although some interaction is maintained at the 
interphase and the results are in agreement with what was observed in the FTIR 
spectra (Lee & Lee, 2005; Ojijo, Sinha Ray, & Sadiku, 2012; Pivsa-Art, et al., 
2015). 
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4.1.4  Differential Scanning Calorimetry (DSC) 
Figure 4. 4: DSC (a) cooling and (b) heating curves for (a) PLA, (b) PBSA, (c) 
90PLA/10PBSA, (d) 80PLA/20PBSA, and 70PLA/30PBSA. 
DSC was used to study the thermal transitions of the neat polymers and blends. 
The results are shown in Figures 4.4(a) and (b). Figure 4.4(a) presents the cooling 
curves, whereas Figure 4.4(b) shows the second heating curves of the samples. 
The neat polymers and the blends were initially in the melt phase consisting of 
energised polymer chains that can move around, rearrange and crystallise. 
Crystallization of PBSA occurs at 45.9 ˚C, and the crystallization of PLA is not 
observed. During heating, neat PBSA and PLA transitioned from the glassy to the 
rubbery phase at -43.1 ˚C and 58.6 ˚C, respectively. With further heating, PBSA 
registers a melting temperature at 93.3 ˚C. The cold crystallization of PLA and 
blends occurs at the temperature range of 108-97.9 ˚C. As more heat is applied, 
the PLA and the blends go through the melting phase at approximately 168 ˚C. 
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The high melting point of PLA (168.4 ˚C) can be attributed to rigidity, due to the 
presence of the H3C- side group on the PLA chains. The presence of the side 
groups significantly reduced chain movement and required more heat energy for 
the chains to break out of the network and collapse which significantly contributed 
to the Tm of the blends (Farah, Anderson, & Lange, 2016). 
Table 4. 1: Thermal transitions of neat PLA, PBSA, and blends 
Sample Tg (˚C) Tcc (˚C) Tm (˚C) Xm (%) 
PLA 58.6 ± 1.36 108 ± 2.03 168.4 ± 0.85 40.5 ± 0.35 
90PLA/10PBSA 58.3 ± 1.06 99.8 ± 0.01 167.4 ± 0.14 38.4 ± 1.78 
80PLA/20PBSA 58.1 ± 0.48 98.8 ± 0.53 167.2 ± 0.44 37.6 ± 0.30 
70PLA/30PBSA 57.9 ± 0.16 97.9 ± 0.32 167.0 ± 0.21 37.7 ± 0.33 
PBSA    -43.1 ± 0.13 - 93.3 ± 20 48 ± 0.14 
 
Table 4.1 shows the thermal transitions temperatures of the neat polymers and 
blends during the heating scans. There is no significant change in Tg as a function 
of PBSA weight content. The PLA/PBSA blend with the weight ratio, 70/30, 
registered a lower Tg; however, the difference was still less than 1˚C. On the other 
hand, the Tm and Tcc with regards to PLA show a slight decrease with an 
increasing weight content of PBSA. The results suggest that the addition of PBSA 
facilitated the cold crystallization of PLA in the blends to occur at slightly lower 
temperatures. Crystals formed at a lower temperature are relatively less stable 
therefore undergo melting at more moderate temperatures hence the relatively 
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lower Tm for blends. However, considering the results in Table 4.1, the reduction in 
the transitional temperatures, Tg and Tm, is not significant. However, it is to be 
noted that the introduction of PBSA reduced the Tcc of PLA from 108 ˚C to ~97.9 
˚C at the highest PBSA content, 30 wt.%. This indicates that PBSA can enhance 
cold crystallization of PLA in the blends. The slight reduction in Tg suggests that 
the PLA molecular chains in the blend systems are more flexible at lower 
temperatures than neat PLA. In an earlier study by Park et al., (2010), PBS 
blended with PLA, the Tg of the 30 wt.% PBS blend was recorded to be 1.6 ˚C less 
that of the neat PLA. They found a reducing radial growth rate of the spherulites 
during POM analysis. They attributed the slow speed to more inferior interfacial 
adhesion at 20 wt.% PBS blend leading to hindered chain movement. 
On the contrary, in a study by Yang et al., (2016) of PLA/PBSA blends, the Tg of 
neat PLA decreased from 44.3 ˚C to 18.3 ˚C for a 80PLA/20PBSA blend. The 
considerable reduction was attributed to the very low Tg occurring at a temperature 
less than -50 ˚C of neat PBSA and its low molecular weight. In the study, the 
polymers were of different grades, and the blends were prepared by solution 
casting method, which can explain the difference in results obtained in this study. 
Since phase separation was evident in all the blends observed from the SEM 
micrographs in Figures 4.3(c-e), this study confirms that both PLA and PBSA are 
not thermodynamically compatible as suggested by Ojijo et al., (2012). Similar 
results were obtained for PLA/PBAT blends from 5-25 wt.% PBAT, where the 
change of Tg of PLA in the blends was insignificant with the inclusion of PBAT 
(Zhao et al., 2009). They attributed the results to lack of compatibility between PLA 
and PBAT during heating as observed in the blends on the current study. 
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To calculate the total crystallinity (%) of PLA equation 3 was used. 
Xm = (ΔHm/ФPLAΔH˚m) 100     (4.1) 
Where Xm is the total crystallinity, ΔHm is the enthalpy of melting, ФPLA is the 
weight fraction of PLA and ΔH˚m is the enthalpy of fusion of 100 % PLA taken as 
93 J/g (Ojijo, Sinha Ray, & Sadiku, 2012).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. 5: Total crystallinity (%), Xm, of PLA as a function of wt.% PBSA. 
The total crystallinity of PLA in blends obtained was plotted against weight fraction 
PBSA, as shown in Figure 4.5. The value of the total crystallinity decreases with 
the increasing volume fraction of PBSA with a very minimal increase at 30 wt.% 
volume fraction PBSA. The heating profile (Figure 4.4 (b)) indicated that cold 
crystallization and melting of the blends occurred at slightly lower temperatures 
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due to the addition of PBSA. However, the addition of PBSA does not necessarily 
increase total crystallinity of the PLA in the blends as seen in figure 4.5. Therefore 
the results show that the low melting PBSA affects the chain mobility of PLA and 
allows cold crystallization to occur at lower temperatures by acting as nucleation 
points. However, the nucleation points do not contribute to the overall crystallinity 
as the growth of the perfect crystals are inhibited by the blend morphology. The 
better miscibility of the polymers supports this observation at 80:20 ratio from the 
SEM images (refer figure 4.3). Similar results were obtained by Park et al., (2010) 
with 5-30 wt.% PBS blended with PLA, where the PBS had no significant thermal 
impact on PLA transitional properties, including total crystallinity.  
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4.1.5 Thermogravimetric analysis (TGA) 
Figure 4. 6: (a) TGA weight loss as a function of temperature, (a’) shows the 
degradation temperature at T5 and T50 as a function of %PBSA, (b) derivative 
curves and (b’) extracted maximum degradation temperature related with PLA as a 
function of %PBSA. 
   
  
 
101 
 
The thermal degradation behaviour of the neat PLA, PBSA, and their blends was 
studied using TGA. A plot of the relative weight loss as a function of temperature is 
shown in Figure 4.6(a). Both PLA and PBSA showed single step degradation. The 
PLA thermogram reveals that PLA is relatively sensitive to thermal degradation 
when compared to PBSA. This is attributed to PLA containing –CH3 side groups 
which lessen the packing efficiency of the polymer chains whereas PBSA polymer 
chains can pack effectively hence the relatively stronger intermolecular forces 
(Murariu & Dubois, 2016). The weight loss is due to the thermal decomposition of 
the organic polymer chains (Al-Itry, Lamnawar, & Maazouz, 2012). The FTIR and 
SEM results showed that the blends have phase separated morphologies. Due to 
this, it is expected that the blends display more inferior thermal stability when 
compared to both neat polymers. For better visualisation, Figure 4.6(a’) shows the 
degradation temperature at which T5 (the temperature at 5% degradation occurs) 
and which T50 (the temperature at 50% degradation occurs) of neat polymers and 
blends. Figure 4.6(a’) and 4.6(b’) show that PLA/PBSA blends become less 
thermally stable with the increasing volume fraction of PBSA. These results can be 
attributed to more a heterogeneous mixture of the two polymer components as 
seen on the SEM images. Little or no interfacial interaction between polymers 
means that there are weaker intermolecular forces and weaker intermolecular 
interactions result in less energy being required to degrade polymer chains hence 
the deterioration of the thermal properties (Ojijo, Sinha Ray, & Sadiku, 2012). 
Figure 4.6(b) shows the bell-shaped first order derivative of TG and (b’) shows the 
maximum degradation temperatures of the neat and blended polymers. At 
maximum degradation temperature, the blend with 30 wt.% PBSA was the least 
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thermally stable. These results are in agreement with the morphology results 
observed using SEM.  
4.1.6 Dynamic Mechanical Analysis (DMA) 
 
 
 
 
 
 
 
 
 
Figure 4. 7: Temperature dependence of the storage modulus (E′) for the neat 
polymers and the polymer blends 
Figure 4.7 shows the temperature dependence of the storage modulus obtained 
from the dynamic mechanical analysis. Analysis temperatures -60 ˚C, -25 ˚C, 0 ˚C, 
and 25 ˚C were selected for comparison of the storage modulus as a function of 
PBSA content, and the results are shown in Table 4.2. The results show that the 
neat polymers and blends are most stiff and brittle in the following order PBSA > 
80/20 > PLA > 90/10 > 70/30 at the lowest temperature selected -60 ˚C. At this 
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stage, the polymer chains are tightly compressed in the glassy state as the 
temperature is way below Tg. As the temperature increases up to 25 ˚C, the chains 
gain energy and begin to bend and stretch with the increased free volume for 
movement. PBSA rapidly undergoes a glass transition temperature at -39.4 ˚C as 
more energy is supplied, resulting in a marked reduction of E’ by one order of 
magnitude (9.25x108 Pa). PLA and the blends remain in a glassy state throughout 
the selected temperature range with a gradual decrease of storage modulus. 
Table 4. 2: Temperature dependence of the storage modulus (E′) for the neat 
polymers and the polymer blends. 
Sample The storage modulus, E’/Pa (x109) at a selected temperature (˚C) 
 -60 -25 0 25 
PLA 2.51 ± 0.102 2.29 ± 0.214 2.16 ± 0.274 2.03 ± 0.055 
90PLA/10PBSA 2.45 ± 0.152 1.99 ± 0.140 1.85 ± 0.334 1.66 ± 0.214 
80PLA/20PBSA 2.56 ± 0.092 1.91 ± 0.202 1.71 ± 0.084 1.55 ± 0.311 
70PLA/30PBSA 2.25 ± 0.154 1.53 ± 0.014 1.33 ± 0.132 1.19 ± 0.099 
PBSA 3.81 ± 0.156 9.25a ± 0.452 5.25 a± 1.770 3.63a ± 0.540 
a=x108 
According to the DMA results, the polymer blends appear to be exhibiting the 
individual characteristics of both components suggesting immiscibility of the 
components in the blend, which is in agreement with results obtained from SEM. 
Moreover, except -60 ˚C, the blends show a decreasing storage modulus as the 
content of PBSA increases in the blends. The results suggest that varying the 
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composition ratios of the components in the blends alters the viscoelastic 
behaviour of the blends. The PLA/PBSA blends viscoelastic property increases 
with PBSA content. This means that a high content of PBSA enhances the 
flexibility of the blend and hence the overall tensile properties. However, if the 
PBSA content is very high, the materials may lose its stiffness which may be 
required for the intended application. Similar results were obtained by Park et al. 
(2010) & Ojijo, Sinha Ray, & Sadiku, (2012) where it was explained that the 
storage modulus of the blends strongly depends on the content of the blend 
constituents. In both studies, the storage modulus of the PLA/PBS and PLA/PBSA 
blends decreased with increased with PBS and PBSA content, respectively.  
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4.1.7 Tensile and impact testing 
 
Figure 4. 8: (a) Tensile strength, (b) modulus, (c) elongation of break, and (d) 
Impact resilience of neat PLA, PBSA, and blends as a function of % PBSA. 
Figures 4.8 shows the (a) tensile strength and (b) the tensile modulus of neat PLA, 
PBSA and the blends as a function of the wt.% PBSA. Neat PLA exhibited a 
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tensile strength and tensile modulus of 90.88 MPa and 2944 MPa, respectively, 
whereas, neat PBSA had the lowest tensile strength and tensile modulus of 45.29 
MPa and 402.5 MPa, respectively. The results from DSC analysis showed that at 
room temperature PLA is in a glassy state and PBSA in a rubbery state. During the 
tensile tests conducted at room temperature, it was observed that PLA 
experienced brittle failure while BSA experienced ductile failure, which was in 
agreement with the DSC results. Concerning the blends, the tensile strength and 
tensile modulus were inversely proportional to the concentration of PBSA, where 
both decreased with increasing PBSA content. In a study of PLA/PBS blends by 
Qui et al., (2016), they obtained similar results. However, their blends were 
prepared by melt-mixing in HAAKE Polylab OS mixer. In their study, they reasoned 
that PBS as a ductile polymer lessens the brittleness of pure PLA by reducing the 
friction between polymer chains, thus improving chain movement. Likewise, PBSA 
can reduce the stiffness of PLA in the blend and therefore its deformation. The 
reduction is insignificant due to a higher concentration of PLA in the blend, which 
results in relatively high modulus and tensile strength. 
Figure 4.8(c) shows the elongation at break (EB) of the neat polymers and the 
blends. Elongation at break describes the capability of a material to resist fracture. 
PBSA has a relatively high EB of 545.8 ± 65.8 %, and PLA has a low EB of 5.17 ± 
0.241 %. Elsami & Kamal (2013) reported an elongation at break of ± 600 % and 
less than 3 % for the same PBSA and PLA grade used in this study, respectively. 
Contrary to the results of both the tensile strength and tensile modulus, the EB 
increases with increasing concentration of PBSA in the blend systems. In 
comparison to neat PLA, the blend with 30 wt.% PBSA, 70PLA/30PBSA, shows a 
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relatively high EB improvement when compared to 10 wt.% and 20 wt.% PBSA 
blends. The 70PLA/30PBSA blend shows a 50 % increase in elongation at break 
when compared to neat PLA. This result suggests that there is better interfacial 
adhesion between PLA and PBSA as PBSA content increases. However, the 
difference of EB improvement from the blend with 20 wt.% to the blend with 30 
wt.% PBSA was comparable. Due to this result, it can be assumed that with the 
given preparation conditions, there is an optimum weight content of PBSA in a 
PLA/PBSA blend. In the same study by Elsami & Kamal (2013), a blend with 30 
wt.% PBSA was prepared under varied mixing time conditions of 5 and 20 
minutes. Elongation at break of just below 250 % for both mixing times of the 
blends was reported. In the current study, the residence time was 1 minute along 
the extruder barrel. The difference in mixing time condition could explain the 
relatively low EB obtained when compared to the above-mentioned study. 
Moreover, a substantial standard deviation of EB can be seen on the blends with 
20 wt.% and 30 wt.% PBSA content. These results can be attributed to poor 
homogeneity throughout the blends as PBSA content increases as seen on the 
SEM micrographs.  
Figure 4.8(d) shows the impact resilience of the neat PLA, PBSA, and the blends. 
The graph indicates that neat PLA exhibited a lower impact resilience relative to 
PBSA. This is expected since PLA has poor impact properties compared to PBSA. 
However, physically blending PLA and PBSA results in a significant improvement 
of the impact strength with the increasing concentration of PBSA. A similar trend 
was observed in Figure 4.8(c) with an elongation at break study. The increase in 
the elongation at break and the impact resistance for PLA/PBSA blends was also 
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observed to increase with an increase in the content of PBSA by Lee & Lee, 2005; 
Pivsa-art et al., (2015). They attributed the increase to the plasticization effect of 
PBSA. Similar to the EB results, the impact resilience results show that the 
flexibility improvement from 10 wt.% to 20 wt.% PBSA is more pronounced than 
when compared to the results from 20 wt.% to 30 wt.% PBSA added. Again, as 
with the EB results in the standard deviation increases with increasing PBSA 
content. These results are in agreement with what was observed on the SEM 
micrographs, which revealed more phase-separated morphologies at high PBSA 
content. The results show inhomogeneity in the blend. It is clear that although 
there is no chemical interaction between PLA and PBSA, the ductility of PBSA is 
physically transferred to PLA through the interface making the blends more 
flexible.  
At 30% PBSA, a highly phase separated morphology is observed (refer to figure 
4.3) and the blend exhibit poorer tensile strength and modulus but higher EB and 
impact resilience. However, the 80PLA/20PBSA blend, shows a comparable 
improvement of EB and impact resilience to 70PLA/30PBSA but with a lower 
standard deviation. Hence, it can be assumed that 80PLA/20PBSA blend has 
relatively good stress transfer capacity. 
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4.2 Conclusion 
PLA/PBSA blends were successfully prepared using melt blending by extrusion. 
FTIR spectra and SEM micrographs showed immiscible morphologies in the 
blends. A more phase-separated structure was observed with increasing PBSA 
content. These results were attributed to the difference in viscosity of the PLA and 
PBSA polymers at 190 ˚C. A significant and comparable improvement of 
elongation at break and impact resilience was observed at 80PLA/20PBSA and 
70PLA/30PBSA blends relative to the neat PLA. However, the 80PLA/20PBSA 
blend superceds the 70PLA/30PBSA blend with regards to improved thermal 
degradation temperature at 5 %, improved storage modulus at 60 ˚C and minimal 
loss of tensile strength and tensile modulus. Hence, 80PLA/20PBSA blend 
(abbreviated as B) composition was chosen for further investigations.  
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CHAPTER 5 
Effect of Organically Modified Layered Double Hydroxide on the 
Properties of Poly(lactic acid)/Poly[(butylene succinate)-co-
adipate] Immiscible blend. 
 
Neat PLA has been reported to have low oxygen barrier properties (Shrogen 1997; 
Auras, Singh, & Singh, 2005). The addition of nanoclays has been widely reported 
to enhance the barrier properties of PLA significantly (Demirkaya et al., 2015; 
Nepalli et al., 2014). This chapter mainly focuses on the additional properties, 
including oxygen transmission rate brought by the incorporation stearic acid 
modified LDH (SaLDH) in the 8PLA/20PBSA blend (abbreviated B). The B-clay 
nanocomposite were prepared by varying concentrations of SaLDH. The 
nanocomposites were prepared using the extrusion method, where the weight ratio 
of the PLA/PBSA blend was fixed at 80/20 while the weight content of the SaLDH 
varied from 0.1 to 1%. The chapter is divided into two sub-sections where the first 
section focuses on the characterization of the commercial SaLDH used in this 
study and the second section focuses on the characterization of B/XSaLDH, where 
X is the % concentration of SaLDH in nanocomposites. After obtaining the 
optimum concentration of the SaLDH incorporated in the blend, which resulted in 
superior properties. A nanocomposite of similar composition was made in a two-
step extrusion process where the PLA and SaLDH was first melt mixed before the 
addition of PBSA. FTIR, XRD, and TGA were employed for the characterization of 
commercially sourced SaLDH. The results confirm that the LDH was surface 
modified by the stearic acid. In the following section, nanocomposites were 
structurally characterized using FTIR, TEM, SEM, and the thermal properties were 
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studied using DSC and TGA. The DMA and tensile tests were used to investigate 
the thermo-mechanical and tensile properties. Oxygen permeability measurement 
was done using Oxtran. TEM revealed that due to the low viscosity of PBSA at 190 
˚C, the clay particles were mainly dispersed on the PBSA phase. However, SEM 
images show a more homogeneous morphology at B/0.5%SaLDH, which 
consequently resulted in the improvement of the thermal, mechanical, and barrier 
properties. 
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5.1 Results and discussion  
5.1.1 Characterization of Sa-LDH 
Figure 1 shows the (a) FTIR spectrum (b) XRD diffraction pattern (c) TGA weight 
loss and (d) derivative TG of SaLDH. FTIR was used to study the functional 
groups of the inorganic lamella, SaLDH, and its interactions with the fatty acid, 
stearic acid, and the spectra are presented in Figure 1(a). The spectrum shows a 
broad band ranging from 3500-3200 cm-1 representing the O-H group in the LDH 
structure. The strong, distinctive peak at 1369 cm-1 is due to the vibrations of C-O 
bonds attributed to the adsorbed CO32- anions occupying the intergallery space. 
Zhao et al., (2008) observed similar results with regards to the strong carbonate 
peak on the FTIR study of the unmodified Mg–Al–CO32- LDH structure. At 800 and 
600 cm-1, the metal-OH-Metal vibrations were recorded. The C-H stretching due 
to the -CH2- and -CH3 groups of the stearic acid were observed at 2989 cm-1-2866 
cm-1. The presence of the strong carbonate peak suggests that the surfactants 
organic moieties are only on the surface of the LDH (Moyo, Nhlapo, & Focke, 
2008). Similar results were reported in a study of flexibility improvement of PLA by 
stearate-modified LDH (Mahboobeh et al., 2010). The XRD pattern (Figure 1 b) 
shows a crystalline structure with a characteristic and definite peak at 2θ = 11.6 ˚ 
which corresponds to a basal spacing of 0.76-0.79 nm which is consistent with that 
of unintercalated LDH (Moyo, Nhlapo, & Focke, 2008). This result also indicates 
that anion exchange of CO32- with stearate ions did not happen in the interlayer of 
LDH, therefore, signifying the presence of stearate anion on the surface. The TGA 
and corresponding DTG (Figures 1 c and d) shows a three-step decomposition 
pattern which can be attributed the decomposition of physisorbed water molecules 
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below 230 ˚C, dehydroxylation up to 350 ˚C and a combination dehydroxylation-
decarbonisation reaction up to 470 ˚C respectively (Wang et al., 2012). Similar 
results were observed on a TGA study of stearate modified LDH (Focke et al., 
2010). 
Figure 5. 1: (a) FTIR spectrum, (b) X-ray diffraction pattern, (c) TGA weight loss, 
and (d) Derivative TG of the SaLDH nanoclay. 
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5.1.2 Characterization of blend B and B/SaLDH nanocomposites 
5.1.2.1 X-ray diffraction 
Figure 5.2 shows the XRD diffraction patterns of B and B/XSaLDH with clay 
concentrations of 0.1, 0.5, and 1 wt.%. PLA/PBSA blends did not show diffraction 
peaks which indicate that the structure is amorphous. In the case of clay 
composites, XRD can be employed to study formed nanocomposite structure 
where it can be a tactoid composite, intercalated, and exfoliated nanocomposites 
(Chen, et al., 2008). With tactoid composites the primary basal peaks of the 
SaLDH could remain in the same position as an unmodified LDH, while in an 
intercalated composite, the basal peaks will be still observed however at lower 
angles indicating increased d-spacing, whereas the exfoliated composite reveals 
no basal peak due to destroyed stacking of the LDH layers (Duncan, 2011). In the 
current study, the diffraction patterns of the B/0.1%SaLDH suggests that there was 
no ordered stacking of the LDH platelets as no crystalline peaks were observed. 
The absence of the diffraction peaks would normally be attributed to complete 
exfoliation of the LDH platelets. It might also be possible that the clay stacking was 
not detected during the analysis as the concentration used is very low. It is 
possible that X-rays hit space on the disk sample that did not have the clay 
agglomerates. Therefore, the clay particles were undetected and/or the clay 
concentration in the total mixture of the nanocomposites was below the detection 
limit for XRD analysis. Sinha Ray et al., (2003) obtained similar results for 4 wt.% 
saponite in PLA and suggested that the low silicate concentration may be a major 
contributing factor towards the undetected diffraction peaks. However, at SaLDH 
concentrations from 0.5%, a small additional diffraction peak at lower 2 Theta 
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values is observed, which can be attributed to the intercalation of clay platelets 
with the polymer chains.  
 
 
 
 
 
 
 
 
Figure 5. 2: XRD diffraction pattern of the blend B and nanocomposites, 
B/XSaLDH, with 0.1, 0.5, and 1.0 wt.% clay loading. 
5.1.2.2 Transmission electon microscope 
Figures 5.3(a-c) show the TEM micrographs of the B/XSaLDH nanocomposites 
with 0.1, 0.5, and 1.0 wt.% SaLDH. The lighter parts in the images show PLA as 
the continuous phase, whereas the dispersed drop-like phase represents the 
PBSA and SaLDH particles, and the darker phase, respectively. From the images, 
it can be seen that the composite have a tactoid structure consisting of stacked 
clay platelets. Clay agglomerates were randomly dispersed within the polymer 
matrix. The clays were however located within and at the interface of the PBSA 
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and PLA phase. Ojijo et al., (2012) obtained preferential localization of organically 
modified cationic clays in PBSA phase in a PLA/PBSA blend with clay loading up 
to 1 wt.% above which the clay particles, were distributed in both polymer 
matrices. Mofokeng et al., (2018) also observed the interfacial dispersion of the 
clay particles in polypropylene /low-density polyethylene (PP/LDPE) blend with 4 
wt.% clay loading.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5. 3:TEM images of the (a) B/0.1%SaLDH, (b) B/0.5%SaLDH, (c) 
B/1.0%SaLDH, (d) B/0.5%SaLDH (two-step process), (e) PLA/0.5%SaLDH and (f) 
PBSA/0.5%SaLDH composites. 
   
  
 
119 
 
In both studies, the preferential localization of the clay particles was attributed to 
viscosity difference, obtained from rheological properties, of the components of the 
blend. According to Ojijo et al. (2012), two factors could significantly influence the 
localization of clay particle within polymer blends that is interfacial interaction 
between the clay surfactant and host polymers and viscosity ratio of PLA and 
PBSA. The former factor was disregarded due to comparable solubility parameters 
of PLA (21.4 J1/2 cm3/2) and PBSA (23.8 J1/2 cm3/2) with that of the organic 
surfactant used for clay modification. The interaction of PLA or PBSA with stearic 
acid can be assumed very similar as the solubility parameters of PLA and PBSA 
are very close to each other, and hence the former factor can be disregarded in 
this case. Therefore, the viscosity difference remained as a significant factor 
mainly contributing to the clay dispersion within and at the interface of the PLA and 
PBSA. In chapter 4 Figure: 4.1, it was demonstrated that the viscosity of neat PLA 
is higher than that of neat PBSA at various angular frequencies and 190 ˚C, 
therefore, at the processing temperature of 190 ˚C PLA is more viscous compared 
to PBSA. In an earlier study by Wu et al., (2009) the interfacial dispersion of 
functionalized MWCNTs in PCL/PLA matrix was reported to contribute in the 
mixing of the immiscible PCL/PLA blend. Hence it is logical to assume that during 
the processing of the nanocomposites, the clay particles quickly get swept and 
mixed with the less viscous phase, PBSA, thereby increasing the viscosity of 
PBSA phase. There is a lack of good affinity between the SaLDH and the PBSA, 
which may be the reason the clay tactoids are pushed to the interphase of PLA 
and PBSA. However, the presence of SaLDH at the interface reduced the 
interfacial tension between PLA and PBSA, resulting in reduced PBSA domain 
size evident at 0.5 wt.% loading. On the other hand, in B/1%SaLDH, due to the 
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presence of some clay platelets in PLA matrix, the PLA phase becomes more 
viscous and hence the interfacial tension increases resulting in bigger droplet size 
of PBSA phase.  
To understand the dispersion of SaLDH in neat polymer matrices, 
PLA/0.5%SaLDH and PBSA/0.5%SaLDH were nanocomposites prepared. TEM 
analyses were done, and the micrographs are presented in Figures 5.3(e) and (f), 
respectively. The micrographs demonstrate that relative to PBSA, PLA can better 
exfoliate the clay platelets. The study also compared the effect of single and 
double step processing on the dispersion of SaLDH. Figure 5.3(d) shows a two-
step process of fabricating B/0.5%SaLDH, where the first step consisted of only 
two components PLA and 0.5%SaLDH, and in the second step, PBSA was added. 
The images show that the clay agglomerates are mainly distributed in the PLA 
matrix, and few exfoliated platelets are seen on the PLA and PBSA interface. In a 
WAXD and TEM comparison study of PLA/octadecylammonium/C18-MMT and 
α,ω-Hydroxy-terminated o-PCL plasticized PLA/octadecylammonium/C18-MMT, 
Sinha Ray et al., 2002 observed uniformly dispersed clay platelets for both 
composites. However, they also observed that the clay platelets in the o-
PCL/PLA/clay composite were a bit more aligned with less polymer stacking. The 
results were attributed to hydroxyl edge to edge interaction between the α,ω-
Hydroxy-terminated o-PCL, and clay. In the current study, the results suggest that 
although PLA exerts a higher clay platelets shearing force due to its high viscosity. 
The viscosity is however not sufficient to thoroughly exfoliate the clay platelets in 
the nanocomposite, and PBSA contributes very little towards clay exfoliation and 
alignment. Due to the viscosity difference of the PLA and PBSA, the clay platelet 
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preferentially gets distributed at the interface of PLA and PBSA and within PBSA 
phase. The TEM image analysis cannot realize a comprehensive understanding of 
the clay intercalation with polymer chains due to the small area of the sample 
analysed, which may not be representative of the entire sample. However, XRD 
analysis performed using disk-shaped clay composites gave a clear indication of 
polymer intercalation with SaLDH at higher concentrations. The XRD results, 
therefore, can be considered more reliable as it analyses a bigger sample size.  
5.1.2.3 Scanning electron microscope 
Figures 5.4(a-e) show the SEM micrographs of the blend 80PLA/20PBSA (B) and 
B/SaLDH nanocomposites containing the various amounts of the SaLDH. Both the 
blend and the nanocomposites show a two-phase morphology, and as discussed 
in chapter 4, section 4.3, the dispersed phase (droplet-like) is PBSA. The PBSA 
droplets-like phases in the nanocomposites are comparatively smaller when 
compared to the PBSA phase size in the 80PLA/20PBSA blend. The diameter size 
of the PBSA phases in the nanocomposites containing 0.5 wt.% SaLDH shown in 
Figure 5.4(c) is relatively smaller in comparison to the nanocomposites with 0.1 
wt.% SaLDH, 1.0 wt.% SaLDH and 0.5 wt.% SaLDH two-step process. Based on 
the TEM results, it can be inferred that some clay platelets were dispersed on the 
PBSA phase resulting in the increase in viscosity. It can be suggested that with 
increased viscosity of PBSA matrix, coalesce of PBSA phases was prevented in 
the nanocomposites.  
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Figure 5. 4: SEM images of the (a) blend B, (b) B/0.1%SaLDH, (c) B/0.5%SaLDH, 
(d) B/1.0%SaLDH, and (e) B/0.5%SaLDH (two-step process) composites. 
Moreover, at 0.5 wt.% SaLDH, it can be assumed that enough clay particles were 
dispersed in the PBSA phase and on its edges, resulting in a relatively higher 
viscosity. The increased viscosity of PBSA improved the interfacial interaction with 
PLA and decreased PBSA coalescence. Hence, a relatively higher surface area 
due to the improved interfacial interaction is observed on the nanocomposite. 
(Ojijo et al., 2012). As a result, better thermal, mechanical, and barrier properties 
may be expected for the B/0.5%SaLDH nanocomposite. On the contrary, in the 
nanocomposites with 0.1% SaLDH and 1.0% SaLDH, the clay concentration may 
be too little (which might result in coalescence of PBSA droplets) or too much 
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(which might lead to clay agglomeration) to enhance the polymer-clay interaction 
and therefore no significant reduction on PBSA droplet size is observed. 
5.1.2.4 Thermogravimetric analysis  
 
Figure 5. 5: (a) TGA weight loss and (b) derivative TG of the blend B and 
nanocomposites, B/XSaLDH, with 0.1, 0.5 and 1.0 wt.% clay loading. 
Table 5. 1: The T5, T50, and Tmax of the blend B and nanocomposites, B/XSaLDH, 
with 0.1, 0.5, and 1.0 wt.% clay loading. 
Sample T5 (˚C) T50 (˚C) Tmax (˚C) 
B 307 ± 0.3466 340 ± 0.5250 344 ± 0.2800 
B/0.1%SaLDH 308 ± 0.2800 342 ± 0.6450 342 ± 0.5250 
B/0.5%SaLDH 320 ± 0.5250 358 ± 4.2426 363 ± 0.3466 
B/1.0%SaLDH 302 ± 0.7150 337 ± 1.0053 337 ± 0.5250 
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Figures 5.5 (a) and (b) show the TG weight loss and derivative TG of the blend 
(B), and its nanocomposites with different SaLDH loading, respectively. The blend 
and B/XSaLDH nanocomposites show a main single decomposition step 
associated with the degradation of the organics including the surfactant used to 
modify LDH occurring at the temperature range of 286-404 °C (Al-Itry, Lamnawar, 
& Maazouz, 2012). Table 5.1 shows the average 5 % decomposition temperature 
(T5), 50 % decomposition temperature (T50) and maximum decomposition 
temperature (Tmax) of the blend B and the nanocomposites B/XSaLDH with 0.1, 0.5 
and 1.0 wt.% SaLDH clay loading. The nanocomposite with 0.5 wt.% SaLDH 
showed a substantial improvement in thermal stability at T5, T50, and Tmax, 
whereas, 0.1 wt.% SaLDH and 1.0 wt.% SaLDH nanocomposites were less 
thermally stable in those temperatures. The Tmax peaks appear at ~370 ˚C for 
B/0.1%SaLDH and B/1.0%SaLDH and ~381 ˚C for B/0.5%SaLDH in both the TGA 
and DTG. Generally, inorganic crystalline particles have high thermal stability. As a 
result, it is expected that the addition of organic fillers to semi-crystalline polymers 
will enhance their overall thermal stability. The high thermal stability can also be 
attributed to a high interfacial interaction between the clay particles and the host 
polymers. In a study by Paula et al., (2003) it was demonstrated that the clay 
particles reinforced the polymer by immobilising the polymer chains. Some studies 
claim that the high thermal stability is brought by the presence of the clay 
inorganics which increase heats diffusion path and slow down the process of 
combustion (Zanetti, Camino & Mulhaupt, 2001; Thellen, et al., 2005). Some 
studies on PLA and MMT modified with various surfactants obtained the desired 
interfacial interactions, and it resulted in the improvement of thermal stability 
(Paula et al., 2003; Thellen et al., 2005; Lin, Liu & Yu, 2007). In this study, the 
   
  
 
125 
 
thermal stability of the nanocomposites is relatively lower at 0.1 wt.% SaLDH and 
1.0 wt.% SaLDH compared to 0.5 wt.% SaLDH. The results suggest that there 
may be an optimum concentration of clay particles (SaLDH) to be added to obtain 
an improvement in thermal stability. A study by Ojijo et al., (2012) based on PLA 
and MMT (Cloisite C20A) with different clay loadings of 0.5, 1, 2, 4, 6, and 9 wt.% 
reported similar results. In the study, they showed a slight improvement in the 
thermal stability in the lower clay concentration range up to 2 wt.%, and a 
decrease in thermal stability was observed from 4-9 wt.% clay loading. 
Interestingly, Chang et al., (2003) did not observe an optimum clay concentration 
that resulted in superior thermal stability in a study of PLA/C16-MMT with clay 
concentrations of 2, 4, 6, and 8 wt.%. However, they observed decreasing thermal 
stability with increasing clay loading. No inference was provided as to why there 
was reduced thermal stability with the increasing clay content in their study. Three 
factors that may contribute to the thermal stability were proposed; the 
concentration of clay, dispersion of clay particles within the polymer matrix and the 
resulting structure of the nanocomposites (Ojijo et al., 2012; Chang et al., 2003). In 
the present study, the TEM and SEM results show that at 0.5 wt.% clay loading a 
comparatively better clay dispersion was observed thus a more homogenous 
surface was obtained. Due to these reasons the improved thermal stability at 
B/0.5%SaLDH was obtained.  
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5.1.2.5 Differential scanning calorimetry  
Figure 5. 6: Figure 5.6: DSC (a) cooling and (b) heating scan of the blend B and 
nanocomposites, B/XSaLDH, with 0.1, 0.5 and 1.0 wt.% clay loading. 
Table 5. 2: Thermal transitions of the blend B and nanocomposites, B/XSaLDH, 
with 0.1, 0.5, and 1.0 wt.% clay loading. 
Sample Tg (˚C) Tcc (˚C) Tm (˚C) Xm (%) 
B 58.1 ± 0.48 98.8 ± 0.53 167.2 ± 0.44 37.6 ± 0.30 
B/0.1%SaLDH 58.5 ± 0.02 97.2 ± 0.33 166.7 ± 0.32 37.4 ± 0.21 
B/0.5%SaLDH 58.9 ± 0.11 98.0 ± 0.31 166.7 ± 0.065 37.0 ± 0.03 
B/1.0%SaLDH 58.7 ± 0.37 99.2 ± 1.15 167.0 ± 0.16 36.0 ± 0.03 
 
Figure 5.6 shows the thermal transitions of the blend and the nanocomposites, and 
Table 5.2 shows the main transitions that occurred. The cooling scan shows the 
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glass transition temperature, Tg, of the blend B and clay nanocomposites at ~58.6 
˚C. The blend B and clay nanocomposites experience very similar thermal 
transitions as neat PLA probably due to PLA existing as the primary major phase 
(refer to chapter 4, figure 4.5 (a).  
The clay (SaLDH) and the varied SaLDH concentrations used in this study had an 
insignificant effect on the Tg and melting temperature (Tm) of PLA in the 
nanocomposites. On the heating scan, the exothermic peak corresponds to the 
cold crystallization temperature (Tcc) of PLA in the PLA/PBSA blend. The addition 
of the clay into the blends shows negligible change on the Tcc. The total 
crystallization of composites was calculated from the equation below: 
Xm = (ΔHm/ФPLAΔH˚m) 100       (4.2) 
Where Xm is the total crystallinity, ΔHm is the enthalpy of melting, ФPLA is the 
weight fraction of PLA and ΔH˚m is the enthalpy of fusion of 100 % PLA taken as 
93 J/g (Ojijo, Sinha Ray, & Sadiku, 2012).  
Based on equation 4, SaLDH particles could be hindering the cold crystallization of 
PLA in the nanocomposites; however its impact is minor. A slightly higher 
decrease in Xm was observed at 1.0 wt.% of SaLDH loading. Previous studies have 
found that the addition of clay may have two different outcomes concerning the 
crystallization of the nanocomposites. The added clay may improve the degree of 
crystallization through the nucleation process, or it may hinder crystallization by 
obstructing chain mobility. Ogata et al., (1997) investigated the thermal transitions 
of quenched PLA and PLA-clay (distearyldimethylammonium chloride modified 
MMT) nanocomposites, containing 3, 5, 10 and 20 wt.% clay, after melting at 200 
˚C for 5 minutes. They observed that the cold crystallization temperature of the 
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PLA-clay occurred at lower temperatures. However, contrary to the current study, 
the crystallization peak of the clay composites became sharper than the neat PLA. 
As a result, they concluded that the highly dispersed clay particles in the PLA 
served as a nucleating agent. Nepalli et al., (2014) observed similar results in the 
study of the crystallization behaviour of PLA due to different clays in which they 
focused on cationic clays- Dellite HPS and Dellite 43B MMT and anionic clays-
stearate, palmitate and carbonate modified LDH. The enhanced crystallization 
behaviour was also attributed to more natural interactions of the organic modifiers 
of the LDH with the polymer matrix, improving chain mobility, and therefore the 
degree of crystallization. Sihha Ray et al., (2003) observed a more pronounced 
effect, where the added different clays produced a sharper Tcc peak occurring at 
lower temperatures for PLA-clay nanocomposite compared to pristine PLA. 
However, similar to the current study, Paula et al., (2003), observed no change in 
the Tg, Tm, and Tcc for poly(ethyleneglycol) plasticized PLA-clay nanocomposite. In 
the study, Paula et al. inferred that there is an insufficient force for interactions 
between the blend components and clay. The majority of the reported studies used 
clay concentrations higher than 1 wt.% whereas in the present study a lower range 
of SaLDH loading was used which could be the reason for not observing a 
pronounced effect on thermal properties.  
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5.1.2.6 Tensile properties  
 
Figure 5. 7: The (a) tensile strength, (b) modulus and (c) elongation at break of 
blend B and nanocomposites, B/XSaLDH, with 0.1, 0.5 and 1.0 wt.% clay loading 
as a function of SaLDH loading. 
   
  
 
130 
 
Figure 5.7 shows the (a) tensile strength, (b) modulus and (c) elongation at break 
of the blend B and B/XSaLDH nanocomposites with 0.1, 0.5 and 1.0 wt.% SaLDH 
loading. The addition of clay and the increasing clay loading in the SaLDH 
nanocomposites show a considerable improvement in the tensile strength and 
modulus in comparison to the blend B. Ojijo et al., (2012) observed similar results 
on the tensile strength and modulus for PLA/PBSA/quaternary ammonium salt 
modified MMT (QA-MMT) nanocomposites. Another study based on PLA and 
PLA/PBSA matrices with different organically modified MMT also found slight 
improvements in the tensile moduli and tensile strength (Ojijo, Cele, & Sinha Ray, 
2011; Al-Mulla, 2011). In a recent study, Jamal et al., (2017) also observed tensile 
strength and tensile modulus improvement in PLA/sodium lauryl ether sulphate 
modified LDH (SLES/LDH) nanocomposites. However, in all the studies referred to 
above, surfactant intercalated clays were used rather than surface-modified clays. 
Therefore, based on the results of this present study, it is clear that the inclusion of 
surface coated SaLDH can have a similar effect on the mechanical properties of 
the polymer matrix as intercalated clays. The addition of SaLDH resulted in an 
increase in EB with increasing clay content, which reached a maximum at 0.5 wt.% 
SaLDH and then dropped noticeably at 1.0 wt.% SaLDH loading. Ojijo et al., 
(2012) obtained similar results in the case of PLA/PBSA/(QA-MMT) 
nanocomposites. In their study, the EB increased to a maximum for the 
nanocomposite with 2% clay loading and then decreased with increasing clay 
loading thereafter. It was suggested that clay localization, at the interphase of 
PLA/PBSA blend and within PBSA phase, mainly influenced the improvement. The 
authors suggest that when the optimum clay concentration is loaded, more clay 
platelets are segregated to the PLA/PBSA interface, providing sufficient stress 
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transfer from the PBSA to PLA. In another study on PLA/SLES/LDH 
nanocomposites, a decreasing EB was observed with increasing clay loading, and 
this was attributed to the clay inorganics inhibiting free chain movement (Jamal et 
al., 2017). In this study, it is evident from the SEM results that at 0.5 wt.% SaLDH, 
the morphology is more homogenous, demonstrating better interfacial interaction, 
therefore, allowing easier stress transfer. At 1.0 wt.% the clay loading is excessive, 
which results in clay aggregation, the aggregates may introduce weaker points and 
thus the loss of stress transfer.  
5.1.2.7 Dynamic mechanical analysis 
 
 
 
 
 
 
 
 
Figure 5. 8: Temperature dependence of the storage, E’, of the blend B and 
nanocomposites, B/XSaLDH, with with 0.1, 0.5, and 1.0 wt.% clay loading  
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Table 5. 3: Temperature dependence of the storage, E’, of the blend B and 
nanocomposites, B/XSaLDH, with 0.1, 0.5, and 1.0 wt.% clay loading. 
Sample E’ (x109Pa) at a selected temperature (˚C) 
 -60 -25 0 25 
B 2.56 ± 0.09 1.91 ± 0.03 1.71 ± 0.13 1.55 ± 0.21 
B/0.1%SaLDH 2.46 ± 0.63 1.80 ± 0.07 1.61 ± 0.28 1.51 ± 0.11 
B/0.5%SaLDH 2.55 ± 0.04 1.85 ± 0.09 1.75 ± 0.15 1.60 ± 0.05 
B/1.0%SaLDH 2.86 ± 0.21 2.05 ± 0.05 1.95 ± 0.22 1.77 ± 0.3 
 
Figure 5.8 shows the temperature dependence of the storage modulus (E’) of the 
blend B and SaLDH nanocomposites studied using dynamic mechanic analysis 
over a temperature of -90 ˚C to 105 ˚C. Table 5.3 shows the obtained E’ of the 
blend B and nanocomposites at selected temperatures. At -60 ˚C the E’ of blend B 
is 2.56 x109 Pa, and it decreases gradually with increasing temperature until at 
temperature ~60 ˚C where there is a significant decrease of E’. The E’ of the 
B/XSaLDH nanocomposites at the studied temperature range appear to have a 
similar trend and to be in the same order of magnitude as blend B. In the case of 
the nanocomposites the E’ increases in the following order 1.0 % SaLDH >0.5 % 
SaLDH >0.1 % SaLDH in all the selected temperatures. The E’ of the 
nanocomposite with 1.0 wt.% SaLDH is higher than that of blend B at all the 
selected temperatures studied. The results suggest that the inclusion of clay and 
increasing clay loading enforces inhibition of polymer chain mobility causing the 
stiffening of the composites. Similar results were observed for PLA/organically 
modified LDH and PLA/organically modified MMT, where the E’ increased based 
on the clay content (Chiang & Wu, 2010; Demirkaya et al., 2015; Maiti et al., 
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2002). Ojijo et al., (2011), characterized PLA/PBSA blends with four differently 
modified MMT clays and found that the type of clay modification significantly 
influences the E’ as it affects the overall interaction and therefore morphology.  
5.1.2.8 Oxygen Transmission Rate 
Table 5. 4: The thickness normalized oxygen transmission rate (OTR) of the blend 
B and nanocomposites, B/XSaLDH, with 0.1, 0.5, and 1.0 wt.% clay loading. 
Samples OTR 
(g/m2.day) 
Averaged 
Thickness (mm) 
B 45.1 ± 0.1201 0.214 ± 0.0056 
B/0.1%SaLDH 40.1 ± 0.0954 0.184 ± 0.0084 
B/0.5%SaLDH 35.5 ± 0.062 0.192 ± 0.0017 
B/1.0%SaLDH 37.9 ± 0.0812 0.202 ± 0.0043 
 
Table 5.4 shows the thickness normalized oxygen transmission rate (OTR) of the 
blend B and the B/XSaLDH nanocomposites where X = 0.1, 0.5, and 1.0 wt.% 
SaLDH clay loading. The OTR of the blend was found to be 45.1 g/m2.day. The 
nanocomposites have relatively lower OTR compared to the blend B. 
Theoretically; it is expected that the introduction of inorganic clays within a polymer 
matrix should significantly improve its permeability properties due to the formation 
of a tortuous pathway for the gaseous molecules to travel. Some studies have 
proven this theory (Maiti et al., 2002; Sinha Ray et al., 2003; Sabet & Katbab, 
2009; Ojijo, Sinha Ray, & Sadiku, 2012). As expected the results obtained confirm 
the theory, where the OTR decreases with the addition of clay, with OTR of 40.1, 
35.5 and 37.9 g/m2.day for the nanocomposites B/0.1%SaLDH, B/0.5%SaLDH and 
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B/1.0%SaLDH, respectively. The incorporation of SaLDH into the blend led to the 
decrease of OTR up to 0.5 wt.% SaLDH clay content, and thereafter it increased 
with an increasing clay concentration. Li et al., (2016) studied oxygen permeability 
of poly(propylene carbonate) (PPC)/ organically modified LDH (OLDH) 
nanocomposites. They found that the OTR decreased with increasing clay content. 
However, at 3 wt.% OLDH the OTR started increasing, and this was attributed to 
clay aggregation introducing weak points in the matrix. The weak points were 
described to have been caused by clay agglomeration and causing cracks at the in 
the interface of the clay and PPC. The variation of the OTR can be influenced by 
many factors which may impact the barrier performance of polymers, and these 
factors include the aspect ratio of clay platelets, the interaction between the clay 
and polymer matrices and therefore, the extent of dispersion within the polymer 
matrix and the concentration of the filler in the composite. In this study, the same 
type of clay was used, eliminating the effects of aspect ratio. This leaves the clay 
concentration and extent of clay dispersion in the polymer matrices as the major 
contributing factors to the permeability properties. XRD analysis suggested 
possible intercalation of clay platelets at B/0.5%SaLDH and B/1.0%SaLDH clay 
composites. 
Moreover, the B/0.5%SaLDH clay composite showed the lowest OTR (20.3 % 
lower than the neat blend) which is also in agreement with the better homogenous 
and reinforced morphology seen on the SEM and TEM images and the results also 
correlate well with thermal stability and mechanical properties. Bhatia et al., (2010) 
observed a similar decreasing trend of OTR with increasing clay content on 
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PLA/PBS/MMT (Closite 30B). The results were attributed to good clay distribution 
at a bulk level.  
5.2 Conclusion 
The blend B and nanocomposites of PLA/XSaLDH, PBSA/XSaLDH and PLA1/ 
/SaLDH1/PBSA2 (two-step process) were successfully prepared by the extrusion 
technique. XRD diffraction pattern showed the absence of ordered clay stacking in 
the nanocomposites. TEM micrographs showed clay agglomerates mainly 
dispersed on the PBSA phase and exfoliated clay particles primarily on the PLA 
phase. The difference in viscosity between PLA and PBSA greatly influenced the 
localization of the clay particles within the matrices. SEM micrographs revealed 
that the nanocomposite B/0.5%SaLDH exhibited a more homogeneous surface. 
Subsequently, the nanocomposite, B/0.5%SaLDH, was found to exhibit better 
elongation at break, thermal stability, and barrier properties. The results were 
attributed to optimal clay loading at 0.5 % SaLDH. Hence, B/0.5%SaLDH 
nanocomosite was chosen for further investigations. 
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CHAPTER 6 
Effect of Thyme Oil on the Properties of Poly(lactic 
acid)/Poly[(butylene succinate)-co-adipate]/Layered Double 
Hydroxide Active Biocomposite. 
 
Thyme oil (TO) is well known to contain components that have an antimicrobial 
function, and in this study, it is explored as a possible ingredient in the preparation 
active packaging for cosmetics formulation thereby either eliminating or reducing 
the use of synthetic preservatives. This chapter describes the preparation and 
characterization B/SaLDH/TO nanocomposites containing different concentrations 
of TO.  
The novel active packaging based on PLA/PBSA/LDH bionanocomposites 
incorporated with TO was developed using the extrusion method. In the 
bionanocomposite, the TO was varied at 5, and 10 wt.% and the weight ratio of 
PLA/PBSA blend was kept at 80/20 and SaLDH was incorporated into the 
nanocomposite at 0.5 wt.%. The addition of the TO significantly altered the 
mechanical properties. The tensile modulus and strength reduced while the EB 
increased. The kinetic release rate of the TO into the headspace, antimicrobial 
properties, mechanical properties, and the oxygen transmission rate of the active 
bionanocomposites were studied. From the headspace volatile release study, o-
Cymene and Thymol were identified as the significant antimicrobial compounds.  
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6.1 Results and discussion  
6.1.1 Tensile properties  
Figure 6. 1: Elongation at break (a), tensile strength (b), and modulus (c) of the 
nanocomposites B/SaLDH and B/SaLDH/5%TO and B/SaLDH/10%TO 
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It is anticipated that the addition of thyme oil, TO, into polymer matrices may result 
in the alteration of mechanical properties. Figure 6.1 shows the (a) elongation at 
break, (b) tensile strength and (c) tensile modulus of the nanocomposites 
B/SaLDH, B/SaLDH/5%TO, and B/SaLDH/10%TO. A significant increase in the 
elongation at break from 24.6% for the nanocomposite B/SaLDH to 149.5% and 
357.9% was observed for the nanocomposite B/SaLDH/5%TO and 
B/SaLDH/10%TO respectively. The tensile strength decreased with an increase in 
TO concentration to 62.03 and 21.29 MPa for the nanocoposite B/SaLDH/5%TO 
and B/SaLDH/10%TO, and likewise, the modulus also decreased to 2021.8 and 
584.3 MPa for the nanocomposite B/SaLDH/5%TO and B/SaLDH/10%TO 
correspondingly. In general, when an essential oil (EO) is added into polymer 
matrices it acts as a plasticizer by improving the polymer chain mobility as 
observed in the present study. The improved polymer chain mobility corresponds 
to the increased elongation at break. A similar plasticization effect of essential oils 
added into polymer matrices was observed for thymol (T) added into PP at 4, 6 
and 8% T and LDPE at 1, 2.5 and 5% T (Ramos et al., 2012; Pillai et al., 2016). 
Qina et al., 2017 reported the same plasticization effect at the addition of different 
essential oils, 9% bergamot, lemongrass, rosemary and clove oil, into a PLA 
matrices. The increased elongation at break was also reported for PLA/MMT 
nanocomposites at 8% TO added into the matrices (Ramos et al., 2014). 
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6.1.2 Oxygen Transmission Rate 
Table 6. 1: OTR results for the B/SaLDH, B/SaLDH/5%TO and B/SaLDH/10%TO 
nanocomposite films 
Sample Oxygen Transmission Rate 
(g/m2day) 
Thickness(mm) 
B/SaLDH 35.50 ± 0.062 0.1920 ± 0.0041 
B/SaLDH/5%TO 36.09 ± 2.923 0.2469 ± 0.006 
B/SaLDH/10%TO  36.14 ± 2.819  0.1912 ± 0.0022 
 
The B/SaLDH, B/SaLDH/5%TO and B/SaLDH/10%TO nanocomposites, were 
further studied for oxygen transmission rate (OTR) and the results are shown in 
Table 6.1. The average OTR for the nanocomposites films B/SaLDH/5%TO and 
B/SaLDH/10%TO was 36.09 ± 2.923 and 36.14 ± 2.819, respectively. The OTR 
increased slightly with increasing TO content added into the nanocomposite. The 
barrier properties of composites can be strongly affected by the total crystallinity of 
the composite and the resulting morphology due to polarity differences between 
the polymer and EO (Ramos et al., 2012; Pillai et al., 2016). Several studies 
observed that the addition of essential oils into a polymer matrix might alter the 
morphology of the polymer composite. The formed structure can be an immiscible 
structure, creating pores on the structure, or the oil molecules can increase the 
total free volume through plasticization (Sothornvit & Krochta, 2000; Amstrong, 
2002; Sung et al., 2014). In both of the above cases, the transmission rate of 
gaseous molecules through the matrix is likely to increase. Sanchez-Garcia (2018) 
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found that the presence of clay particles in a polymer matrix can decrease the 
diffusion coefficient of thymol owing to the tortuous path created by the clay 
particles. In this study, the effect of TO addition on OTR of the bionanocomposite 
is not significant. It can be assumed that an increase in the concentration of the 
TO the polymer structure experienced weaker intermolecular forces and the 
presence of TO filled the spaces compensating for the free volume increase. 
Contradictory results were reported by (Ramos et al., 2014), where the addition of 
5 % thymol on PLA-clay significantly increased the oxygen transmission rate.  
6.1.3 Active compound release from B/SaLDH/TO nanocomposites 
The release of the volatile antimicrobial actives from the B/SaLDH/5%TO and 
B/SaLDH/10%TO nanocomposite films was studied at 25 ˚C after 24 hours of 
storage, and the results are given in Table 6.2. The table shows the retention time 
(minutes) of the respective volatiles released from the thyme oil and the peak area 
(%). The peak area is used to quantitatively analyse a compound, and it is relevant 
as it will show accurately the amount of the volatile compound released from the 
active films. According to the analysis, the two major volatiles released were o-
cymene and thymol. A similar observation was made by Perumal et al., (2016). 
The results also show a steady release of thymol and rapid migration of the o-
cymene from the headspace over time. The peak area of thymol increases with the 
increasing TO content added into the polymer matrix and storage duration, 
whereas the concentration of o-cymene decreases with storage time in the 
headspace. Furthermore, the concentration of o-cymene was found to be relatively 
high for B/SaLDH/5%TO nanocomposite compared to that of B/SaLDH/10%TO 
nanocomposite at times considered in this study.  
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Table 6. 2: Chemical constituents of thyme oil and the peak area % at a given 
time. 
Active 
compounds Retention time 
(minutes) 
Peak Area (%) 
  
B/SaLDH/5%TO 
Day 1 
B/SaLDH/10%TO 
Day 1 
B/SaLDH/5%TO 
Day 14 
B/SaLDH/10%TO 
Day 14 
o-Cymene 9.873 65.4 ± 6.27 53.2 ± 9.18 34.8 ± 5.88 12.7 ± 2.43 
Thymol 20.415 9.95 ± 3.41 26.4 ± 6.94 34.3 ± 0.673 72.1 ± 13.1 
 
In active packaging, the polymer matrices can play a significant role in delaying the 
diffusion rate of the active components. However, in this study, the same blend 
was used as a matrix in which TO was incorporated. The results suggest that 
thymol has a relatively lower diffusion rate when compared to o-cymene. The 
slower diffusion rate of thymol could be attributed to its structural makeup (refer to 
Figure 6.2) allowing better interaction between polymer and thymol through 
hydroxyl groups relative to the o-Cymene (Sansukcharearnpon et al., 2010). As a 
result, the thymol can diffuse slowly through the polymer over a more extended 
period. The rapid migration of o-cymene could be due to weak interfacial 
interactions of polymer and o-cymene. The loss of o-cymene could also be due to 
degradation by light exposure over the storage time (Turek & Stintzing, 2013).  
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OH
H3C
CH3
CH3
o-Cymene Thymol  
Figure 6. 2: o-Cymene and thymol chemical structures 
6.1.4 Antimicrobial activity of B/SaLDH/TO composites 
 
 
 
 
 
 
 
 
 
Figure 6.3: Antimicrobial activity of the nanocomposites B/SaLDH with 0, 5 and 10 
wt.% TO against (a) E. coli (b) S. aureus and (c) A. niger 
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The antimicrobial activity of nanocomposites B/SaLDH, B/SaLDH/5%TO and 
B/SaLDH/10%TO against E.coli, S. aureus and fungi A. niger (common 
microorganisms found in cosmetic formulations) were tested, and the results are 
shown in Figure 6.3. The antimicrobial effect of nanocomposites B/SaLDH/5%TO 
and B/SaLDH/10%TO were not significant against bacteria E.coli and S. aureus 
whereas a decrease in the number of colonies of fungi A. niger was visible with 
increasing concentration of TO. This result was unexpected since thymol which 
was identified as one of the major compounds in the headspace study is reported 
to be active against the growth E.coli, S. aureus and A. niger (Fisher & Philips, 
2006). Ramos (2012) obtained high antimicrobial activity for E.coli and S. aureus 
bacteria for polypropylene films with thymol. Pagno, (2016) also obtained high 
antimicrobial activity for S. aureus for quinoa flour based films. Based on the 
above-mentioned studies, an inhibition zone test of the active bionanocomposites 
was done before the real test. An inhibition zone test is a qualitative test in a 
circular area where the bacteria colonies do not grow. The test was done to 
confirm the spectrum of activity of TO, and it was found active against all the three 
microorganisms. Hence, the mode of action as the contributing factor for lack of 
inhibition can be ruled out. It is however believed that the lack of restraint is as a 
result of a specific sample preparation method used for antimicrobial testing. From 
the heat treatment processes (extrusion and compress moulding), the TO content 
might have been reduced below the minimum inhibition concentration (Muriel-
Galet, 2012). The results may also suggest that due to the interaction with the 
polymer matrix (the 80PLA/20PBSA blend) as well as due to the presence of the 
nanoclay, the release of active volatiles such as thymol is delayed making it 
challenging to diffuse out of the polymer (Sanchez-Garcia, 2008). It could also 
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mean that the release rate of the active volatile components is not enough or 
cannot compete with the growth rate of the fast-growing microorganisms. The 
antimicrobial testing method used did not reflect the real packaging condition. The 
practical application of the active nanocomposites developed, therefore, could be 
realised only by performing a shelf life study of packaged cosmetics under the 
storage conditions. Work has been initiated for small scale production of injection 
moulded cosmetic packaging containers with the promising sample for further shelf 
life analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
   
  
 
150 
 
6.2 Conclusion 
It is reported that the antimicrobial activity of EOs, including TO is related to their 
chemical composition and the functional groups, such as alcohols, ketones, 
terpenes, phenols, of their components. The antimicrobial activity can be related to 
a single component or a synergistic effect from the other components. o-Cymene 
and thymol were identified as the major compounds in the headspace study of the 
nanocomposites incorporated with TO. However, no significant antimicrobial 
activity was observed for E.coli, S. aureus and A. niger under the testing 
conditions used, which could be due to the suspected evaporation of TO during 
thermal processing of the active nanocomposites for specific sample preparation 
for antimicrobial studies. The addition of the thyme oil significantly altered the 
mechanical properties of the nanocomposites. The tensile modulus and strength 
were reduced while the elongation at break increased. The improved EB is due to 
the enhanced chain mobility at room due to the plasticising effect of TO. The 
oxygen transmission rate of the bionanocomposites slightly increased, and it was 
attributed to the plasticization effect.  
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CHAPTER 7 
General conclusions and future perspective 
 
The use of nano-clays in the field of nanotechnology can significantly improve the 
thermal, mechanical, and barrier properties of biodegradable polymers if used at the 
optimal concentration levels. Moreover, the incorporation of EOs can be used as a 
strategy to add antimicrobial functionality to extend the application window of 
biodegradable polymers.  
In the present study, the nanocomposites, 80PLA/20PBSA/0.5%SaLDH, showed 
improved thermal, mechanical, and barrier properties. However, the 
PLA/PBSA/SaLDH/TO composite did not show the best performance in terms of 
microbial inhibition against the tested microorganisms. Below are some of the 
recommendations to improve the antimicrobial function: 
1. The processing steps could be adjusted so that volatile TO can be added to 
the last stage of the extrusion process to minimise its loss through 
evaporation and degradation. 
2. A polymer coating can be incorporated on the outside of the finished 
packaging product so that the loss of TO to the external packaging 
environment can be reduced.  
3. Real life testing of a preservative-free cosmetic formulation in containers 
made for the active bionanocomposites with different concentrations of TO is 
also recommended to understand the applicability of the packaging material in 
the cosmetics industry.  
